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FOREWORD 


This  report  concerns  tests  conducted  at  the  U.  3.  Army  Engineer 
Waterways  Experiment  Station  (WES)  as  a  part  of  the  vehicle  mobility 


research  program  under  DA  Project  Ilo.  I -V-0-2 1  70 1  -A- Oku,  "Trafficability 
and  Mobility  Research,"  Task  1 -V-0-2 I701-A-0U6-03 ,  "Mobility  Fundamentals 
and  Model  Studies,"  under  the  sponsorship  and  guidance  of  the  Directorate 
of  Research  and  Development,  U.  S.  Army  Materiel  Command. 

The  tests  were  performed  by  personnel  of  the  Mobility  Section,  Army 


Mobility  Research  Branch  (AMRB),  Mobility  and  Environmental*  Division,  WES, 
during  the  period  from  April  i960  to  November  1963  under  the  general 
supervision  of  Messrs.  W.  J.  Turnbull,  W.  G.  Shockley,  and  S.  J  Knight, 
and  under  the  direct  supervision  of  Dr.  D.  R.  Freitar.  Activ  engaged 
in  the  study  were  Messrs.  J.  L.  McRae,  C.  J.  Powell  A.  B.  Thompson, 

R.  D.  Wismer,  G.  T.  Easley,  J.  L.  Smith,  A.  J.  Green,  G.  .1.  Turnage, 
and  H.  R.  Murphy.  The  data  analysis  was  conducted  by  Messrs.  Powell, 
Turnage.  and  Green.  This  report  was  prepared  by  Messrs.  Turnage  and 
Green,  and  Appendix  A  was  prepared  by  Mr.  Smith. 

Col.  Alex  G.  Sutton,  Jr.,  CE,  and  Col.  John  R.  Os welt ,  Jr.,  CE, 
were  Directors  of  the  WES  during  this  study,  and  Mr.  J.  B.  Tiffany  was 
Technical  Director. 
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SUMMARY 


This  report  examines  the  effects  of  tire  deflection,  tread,  carcass 
stiffness,  construction,  speed,  and  slip  on  tire  performance  in  a  dry 
sand.  Laboratory  tests  results  indicate  that  for  lest  performance  in  a 
dry  sand  a  tire  should  be  highly  deflected,  smooth,  and  of  diagonal-ply 
construction.  Variations  in  carcass  stiffness  have  negligible  effects 
on  tire  performance  when  comparisons  are  made  at  equal  loads  and  deflec¬ 
tions.  It  was  concluded  that  the  performance  of  pneumatic  tires  in  sand 
is  affected  by  speed;  however,  the  extent  of  this  influence  was  not 
wholly  determined.  Logical,  orderly  relations  are  shown  between  clip  and 
several  independent  and  dependent  variables— wheel  load,  soil  strength, 
pull,  and  sinkage — both  at  the  towed  and  the  maximum  pull  points. 

A  direct  relation  is  shown  between  the  pull  developed  by  a  full- 
scale  hxh  vehicle  and  that  developed  by  a  single  wheel  in  multiple  passes. 
Good  agreement  was  attained  in  this  relation  for  both  Yuma  (desert)  and 
mortar  sand . 

Significant  differences  in  tire  performance  registered  in  Yuma  and 
mortar  sands  at  corresponding  levels  of  soil  strength  (as  measured  by 
cone  index)  prompted  a  study  of  tne  physical  characteristics  of  the  two 
soils.  This  study  revealed  notable  differences  in  the  strength  charac¬ 
teristics  of  Yuma  and  mortar  sands  that  explain  a  portion  of  the  differ¬ 
ences  in  tire  performance  in  the  two  sands. 
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PERFORMANCE  OF  SOILS  UNDER  TIRE  LOADS 


ANALYSIS  OF  TESTS  IN  SAND  FROM 
SEPTEMBER  I962  THROUGH  NOVEMBER  I963 

PART  I :  INTRODUCTION 

Bn.cx.gr  ourtd 

1.  In  March  i960  the  Chief  of  Research  and  Development,  Department 
of  the  Army,  directed  the  Office,  Chief  of  Engineers,*  to  have  the  U.  S. 
Army  Engineer  Waterways  Experiment  Station  (WES)  proceed  with  the  investi¬ 
gation  outlined  in  the  document  entitled  Plan  of  Tests,  "Performance  of 
Soils  Under  Tire  Loads,"  dated  February  i960.  The  study  was  initiated 
immediately,  using  a  system  composed  principally  of  a  single-wheel  dyna¬ 
mometer  system  and  a  series  of  movable  soil  bins .  Test  techniques  were 
developed  to  vary  the  wheel  slip  during  a  run  so  as  to  allow  the  towed, 
self-propelled,  and  maximum  pull  conditions  to  be  attained  within  the 
usable  length  of  the  soil  bins.  A  desert  sand  and  an  alluvial  clay  were 
selected  as  principal  test  soils,  and  a  third  soil,  river-deposited 
mortar  sand,  was  used  for  auxiliary  tests.  A  series  of  tires  having 
different  widths,  diameters,  cross  sections,  and  structural  characteris¬ 
tics  was  tested. 

2.  This  investigation  is  described  in  a  series  of  reports  under  the 

general  title  Performance  of  Soils  Under  Tire  Loads  (WES  Technical  Report 

....  9-11** 

No.  3-666).  Report  1  of  this  series  describes  the  techniques  and 

equipment  used  in  the  WES  mobility  test  program  and  presents  details  of 
the  test  plan.  Report  2  presents  results  of  the  analysis  of  first-pass 
performance  of  a  number  of  tires  in  Yuma  sand  based  on  test  data  procured 
through  August  1962.  Report  3  describes  the  preliminary  analysis  of  the 
tire  performance  data  from  tests  in  fat  clay.  This  report  is  the  fourth 
in  the  series  and  continues  the  analysis  of  tire  performance  in  sand  that 
was  begun  in  Report  2.  Included  are  results  from  both  single-wheel  and 

*  Responsibility  for  ground  mobility  research  was  assigned  to  the  U.  S. 
Army  Materiel  Command  in  August  1962. 

**  Raised  numbers  refer  to  similarly  numbered  items  in  the  Selected 
Bibliography  following  the  main  text  of  this  report. 


bxb  vehicle  teste  conducted  in  two  sands.  Hie  test  techniques  employed 
for  single-wheel  tests  are  given  in  Report  1.  The  4x4  vehicle  and 
testing  techniques  used  are  described  in  the  appropriate  part  of  this 
report. 


Purpose  and  Scope 

3.  The  tests  upon  which  this  report  is  based  are  part  of  a 
comprehensive  study  of  the  interrelation  cf  sand  and  moving  pneumatic 
tires.  The  broad  purpose  of  this  study  is  to  develop  a  basis  for  the 
selection  of  the  appropriate  tire  sice  and  inflation  pressure  to  achieve 
the  desired  mobility  for  a  given  vehicle,  load,  and  soil  condition  or 
range  of  soil  conditions.  The  specific  objectives  of  the  study  reported 
herein  were  to: 

a.  Examine  in  detail  the  effects  of  several  variables  on  tire 
performance  in  sand  that  were  not  thoroughly  analyzed  in 
Report  2. 

b.  Demonstrate  that  the  performance  data  obtained  with  the 
single  wheel  provide  a  valid  basis  for  predicting  perfor¬ 
mance  of  a  multiwheel  vehicle. 

c.  Compare  the  physical  characteristics  and  the  behavior  of 
the  Yuma  and  mortar  sands  under  moving  pneumatic  tires. 

4.  Two  soils  were  used  in  this  study.  One,  a  desert  sand  taken  from 
dunes  near  Yuma,  Arizona,  has  been  described  in  Report  2.  The  other  was  a 
stream-deposited  mortar  sand  taken  from  a  site  near  the  Big  Black  River 
south  of  Vicksburg,  Mississippi.  Both  Yuma  and  mortar  sands  were  air-dry 
for  all  tests,  with  actual  moisture  content  ranging  from  0.2  to  0.5 
percent. 

5.  Tests  were  run  using  several  different  loads  and  deflections, 
and  with  tires  ranging  in  size  frexn  1.75  to  15 ,2  in.  in  width  and  from 
14.9  to  41.3  in.  in  diameter. 


Definitions 


6.  Certain  terms  used  in  this  series  of  reports  are  unique  to  this 
study,  while  others  are  considered  unique  to  this  field  of  research.  To 
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ilitatc  the  analysis  of  the  lata  and  the  communication  of  the  test 
ults,  these  terms  were  rici  ;ly  refined  in  Report  1  of  this  series. 


PART  II:  ANALYSIS  OF  THE  EFFECTS  OF  SEVERAL 
“VARIABLES  ON  TIRE  PERFORMANCE  _ 


Data  Use  i 


i  .  The  effects  of  most  variables  on  the  performance  c-f  a  pneumatic 
tire  operating  in  soil  can  be  determined  from  an  analysis  of  the  results 
of  programed- slip  tests  using  various  loads  and  deflections  and  a  constant 
rotational  speed.  Report  2  of  this  series  des  *rlbes  the  influence  of  ser.-- 
of  the  variables  associated  with  these  r.vpram*.  i-sli:  te  sts.  This  report 
continues  the  study  by  analysing  the  influence  of  several  important 
variables  that  were  not  thoroughly  studi  i  in  the  arli  r  report.  Al¬ 
though  lata  available  at  this  time  de  not  rerm.it  a  complete  analysis 
of  all  variables ,  they  do  reveal  important  tree  :s  that  warrant  further 
investigation . 

3.  Portions  of  this  analysis  are  based  on  iata  from  tests  report- d 
in  Report  2,  and  pertinent  data  from  those  tests  can  be  found  in  the 
tables  in  that  report.  Other  data,  originally  used  in  Report  2,  have  b*  a 
modified  and  reanalyzed  for  this  report,  and  these,  as  well  as  data  from 
tests  unique  to  the  study  reported  heroin,  are  listed  in  tables  i-ih. 


Effect  of  Deflection 


9.  Performance  data  from  tests  with  a  6.00-16  solid  rubber  tire  and 
corresponding  performance  data  obtained  with  a  two-ply  pneumatic  tire  of 
the  same  nominal  size  are  plotted  in  plates  1  and  2  and  show  the  effect  of 
a  tire’s  deflection  on  its  performance  in  sand.  Overall  dimensions  of 
the  two  tires  were  similar,  with  the  diameters  approximately  28  in.  and 
the  diameter/width  ratios  approximately  4.2.  The  pneumatic  tire  was 
tested  at  deflections  of  15,  25,  and  35  percent,  but  the  deflection  of  the 
solid  tire  did  not  exceed  3  percent,  even  for  the  heaviest  load  tested. 
Performance  parameters 

10.  The  test  data  demonstrate  that,  within  the  range  tested,  as  the 
tire  deflection  is  increased,  sinkage  is  decreased,  towed  force  is 
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decreased,  and  maximum  pull  is  increased  as  long  as  soil  strength  and  hori¬ 
zontal  velocity  are  reasonably  constant. 

Towed  coefficient 

-  Pt 

11.  For  the  towed  condition,  the  curves  of  the  towed  coefficient  — - 
(F^  =  pull  at  towed  point;  W  =  load)  versus  soil  strength  tend  to  converge 
and  approach  a  horizontal  asymptote  at  a  high  soil  strength  (plate  l).  The 
towed  coefficient  at  that  point  is  comparable  to  the  average  hard-surface 
rolling  resistance  for  the  range  of  deflections  considered.  The  curves 
representing  sinkage  at  the  towed  point  versus  soil  strength  exhibit  trends 
similar  to  those  of  the  towed  coefficient  versus  soil  strength  for  the  same 
group  of  tests  and.  in  doing  so,  suggest  that  these  two  dependent  variables 
are  related. 

Maximum  pull  coefficient 

12.  For  the  maximum  pull  condition,  the  curves  of  the  maximum  pull 

coefficient  (?M  ®  pull  at  maximum  pull  point)  versus  soil  strength 

tend  to  converge  as  they  approach  the  immobilization  point  at  low  soil 

strengths  (plate  2).  This  is  attributed,  in  part  at  least,  to  the  fact 

that  differences  in  the  in-soil  tire  deflections  (&^)  were  considerably 

less  uhan  differences  in  the  hard-surface  deflections  (&%„r)  that  were  used 

MH 

in  constructing  the  plots.  At  the  higher  soil  strengths,  the  in-soil  and 
hard- surface  deflections  are  of  the  same  order  of  magnitude.  The  trends 
exhibited  by  the  sinkage  at  the  maximum  pull  point  versus  soil  strength 
curves  are  somewhat  ill-defined  by  these  data  but  generally  agree  with 
data  collected  during  the  latter  phase  of  this  program  which  suggest  that 
the  maximum  pull  coefficient  and  sinkage  are  also  related. 


Effect  of  Tread 

13.  Data  from  tests  with  two  6. 00-16  radial  ply  tires,  one  with  a 
directional -bar  tread  and  the  other  buffed,  free  of  tread,  were  used  to 
determine  the  effect  of  tread  on  performance.  Basic  performance  curves  for 
the  two  tires  are  shown  in  plates  3  and  4.  Though  only  five  tests  were 
conducted  using  the  tire  with  tread  and  performance  curves  are  based  on  not 
more  than  three  points,  the  test  data  appear  consistent.  For  the  limited 
range  of  test  conditions  studied,  the  smooth,  radial-ply  tire  consistently 

5 


outperformed  its  bar-tread  counterpart,  and  while  the  advantage  is  slight 
in  each  case,  it  is  well  defined.  This  superiority  in  performance  was 
maintained  although  the  tire  with  tread  was  tested  at  slightly  greater  de¬ 
flections  than  the  smooth  tire  in  ea^'n  case.  Early  in  the  test  program, 
deflections  were  computed  on  the  basis  of  carcass  section  height  plus  tread 
height.  To  be  consistent  with  the  method  by  which  deflections  arc  ex¬ 
pressed  for  smooth  tires,  it  was  necessary  to  recalculate  these  deflection 
values  on  the  basis  of  carcass  section  height  without  tread.  Computed  in 
this  ’way,  hard-surface  deflection  values  for  the  tire  with  bread  were  1 6.5 
and  39*3  percent  as  shown  in  plates  3  and  4.  Since  it  has  been  shown  that 
an  increase  in  tire  deflection  results  in  increased  tire  performance,  the 
superiority  of  the  smooth  tire  is  probably  greater  than  the  margin 
indicated. 


Effect  of  Speed 

Inertial  forces 

14.  Normal  (6  fps)  tests.  In  a  normal  programed-slip  test,  v;h--l 
angular  velocity  is  held  constant  while  test  carriage  speed  is  increased  at 
a  uniform  rate  to  some  predetermined  value  and  then  decreased  to  zero  (s*< 
fig.  l).  The  deceleration  required  introduces  an  inertial  force  into  th- 
system  which  can  be  calculated  from  the  equation  F^  =  ma  ,  if  the  mass 
decelerated  (m)  and  the  change  in  wheel  velocity  (a)  at  the  point  in  ques¬ 
tion  are  known.  For  example: 


(total  static  weight  of  carriage  components 
acting  against  horizontal  load  cells,  lb) 
acceleration  of  gravity 


a 


At 


517  lb 

32.2  ft./sec2 


test  car  length  traversed  'during  deceleration  _  40  ft  _  - 

1  ~  average  speed  during  deceleration  6  fps/2  ”  '3*'3 

a  =  i —  =  0.45  ft/sec“ 

13.3  sec  ' 

F  =  ma  =  - 517J-b_  x  0 ft/sec2  =  7.2  lb 

d  32.2  ft /'sec 

This  sample  calculation  us^s  typical  values  from  a  6-fps  test  and  assumes  a 
constant  rate  of  velocity  decrease  and  also  assumes  that  the  vertical  center 
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force  due  to  deceleration  is  of  the  order  of  5  lb,  so  that  for  practical 
purposes  it  can  be  neglected. 

15.  High-speed  (l8  fps)  tests.  To  study  the  influence  of  speed  on 
tire  performance,  a  series  of  l8  special  tests  were  conducted  with  a  h.50- 
l8,  U-PR  tire  at  speeds  (at  zero  slip)  of  0.5  and  l3  fps.  Results  oi  these 
tests  are  listed  in  tables  1  and  2.  I;i  high-speed  \-ests  (l8  fps),  it  was 
found  that  the  force  caused  by  deceleration  had  to  bo  considered  to  accu¬ 
rately  determine  the  pull  developed  by  the  wheel.  Tilt  testing  to chninue 
used  in  the  high-speed  tests  is  somewhat  different  fro.*.-  that  used  in  the 
regular  tests  (fig.  l).  At  the  beginning  of  the  high-speed  bests,  the  test 
carriage  is  accelerated  very  rapidly  so  that  ntxiisuci  carnage  speed  is 
reached  a  considerable  distance  ahead  of  the  first  test  car.  Tms  speea  is 
maintained  at  a  nearly  constant  level  until  shortly  after  the  carriage- 
enters  the  first  test  car,  when  deceleration  is  begun.  This  procedure  is 


followed  to  prevent  the  buffeting  -or  me  zest  carriage  vn.  cn  me  cv-ioug 
and  sudden  drop  from  high  speed  would  cause  if  the  normal  speed  versus  i. 
te sting  relation  were  maintained. 

l6.  The  velocity -location  pattern  of  a  typical  high-speed  test  is 
shown  In  fig.  2a.  V.’hen  velocity  is  plotted  versus  time  (fig.  2b),  these 
same  data  show  that  a  nearly  constant  deceleration  was  achieved  over  a 


large  portion  o:  me  test  car  aengm  a: ter  a  one .  transition  irum  ..-:a.-.uy 
constant  high  speed.  Fig.  2b  also  illustrates  that  the  deceleration  at  a 
given  point  is  .asily  determined  from  the  since  of  the  velocity  versus  tic 


urve  at  that  voint.  ilotewormy  ne re 


nortion 


rull  roint . 


nn_s  is  oxmam;o  .0. 


test  was  reacnoc  curing  me-  transition  :rc 
deceleration  and  the  value  of  tne  slope  o: 


constant  sreeo  10  constant 


(deceleration),  is  smaller  in  the  transition  zone • 


There; ore.  tne  core*. 


to  deceleration  -was  less  a >.  me  zowc-c  po_nz  man  it  was  m  tne  c' 


*.iO  L-a.i  L' 


deceleration  tort-ion  of  the  test,  it  is  c-v  mom 


the  magnitude  of  tne 


Inertial  force,  ?.  ,  at  both  the-  towed  point  and  the  maximum  pull  point. 


significant  in  the  high-speed,  program d-slii 


17.  The  inertial  force 


1  -  a-V 


na%;-  me^sur*: 


HIGH  SPEED  TEST  ?6l  f 


horizontal  fore  or,  is  in  the  direction  of  travel,  which  is  the  sane  direc¬ 
tion  as  that  of  a  positive  pull,  so  that  inertial  forces  are  recorded  as  an 
additional  positive  force.  Thus,  the  absolute  magnitude  of  the  true  maxi¬ 
mum  pull  when  the  wheel  was  assumed  to  be  traveling  at  a  constant  speed  was 
less  than  that  registered  by  the  load  cells,  and  the  absolute  magnitude  of 
the  towed  force  was  greater  than  that  registered  by  the  load  cells.  Since 
pull  at  the  towed  point  is  known  to  be  negative,  the  actual  pull  developed 
by  the  wheel  was  determined  by  the  following  equation: 


Actual  wheel  pull  -  (recorded  force)  -  (inertial  force) 


All  data  developed  in  the  hlgh-spee-i  (l3  fes),  programed- si  ip  rests  have 
been  adjusted  using  this  formula. 

Effect  of  steed  on  roll 

-  --  -  ,8 -  -  •» 

IS.  Plate  5  chows  plots  of  pull  versus  slip  using  data  from  four 
tests  conducted  ish  a  4.50-lS,  h-tR  tire  under  nearly  ecual  conditions  of 
load,  deflection,  and  soil  strength,  but  at  three  different  wheel  steeds. 
Data  shown  are  from  a  towed  test  run  at  0.5  fps,  a  programed- slip  test  at 
18  fps ,  and  both  a  towed  and  a  programed-slip  test  run  at  6  fps.  It  is 
interesting  to  note  that  the  pull-slip  values  developed  during  the  6- fps 
towed  pest  link  the  0.5-fps  towed  test  with  tne  programed- si Ip  tests.  The 
curves  representing  the  lS-fps  test  and  the  6-fps  programei-siip  test 
(plate  5)  converge  at  about  -2.5  percent  slip.  Up  to  the  maximum  cull 
point,  the  curve  representing  the  lS-fps  test  rises  more  sharply  than  the 
one  representing  the  6-fps  programed- si ip  test.  The  maximum  pull  produced 
was  considerably  larger  in  the  l3-fps  test  and  occurred  at  a  slightlv  lower 
value  of  slip  than  in  the  6-fps  test.  Beyond  the  maximum  pull  point  of  the 
6-fps  programed- si ip  test  the  two  curves  generally  parallel  one  another, 
and  the  pull  values  appear  to  vary  in  proportion  to  velocity  over  this 
slip  range  (+22  to  +55  percent). 

19.  Plate  6  shows  a  second  group  of  tests  with  the  same  size  tire, 
conducted  under  the  same  conditions  as  those  shown  in  plat e  5.  However, 
before-traffic  0-  to  6-in.  cone  index  values  in  these  tests  were  22  or  23, 
while  those  in  the  tests  shown  in  plate  5  ranged  from  1j4  to  46.  Generally, 
tie  pull-slip  curves  presented  in  the  two  plates  follow  the  same  pattern. 
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In  plate  6,  the  curves  representing  data  from  the  6-.Cps  and  the  l3-fps 
programed -slip  tests  appear  to  converge,  or  perhaps  cross,  at  about  0  slip, 
and  the  curve  for  the  0.5  fps  towed  data  appears  to  fall  on  an  extension  of 
the  curve  representing  tne  6- fps  test.  The  curve  shown  for  the  l8-fps  test 
rises  more  sharply  and  again  indicates  a  larger  maximum  pull  value  at  a 
lower  value  of  slip  than  was  attained  during  the  6- fps  test.  The  pill 
values  appear  to  vary  in  proportion  to  speed  once  both  nave  reached  the 
maximum  pull  point. 

Effect  of  speed  on  othe~  parameters 

20.  To  further  examine  the  influence  of  speed  on  tire  performance  in 
air-dry  sand,  sinkage  at  the  towed  point  and  the  towed  coefficient  have 
each  been  plotted  versus  cone  index  in  place  7.  For  a  tire  deflected 
15  perce'nt,  three  curves  are  required  to  describe  tr-_  sinkage s  for  0.5-, 

6-,  and  x8-fps  tests  at  equal  cone  index  values;  however,  a  single  curve 


can  be  usea  to  represent 
all  speeds.  Conversely, 


the  relation  of  towed  coefficient  to  cone  index  at 
at  35  percent  deflection,  the  relation  of  towed 


coefficient  to  cone  index  appears  to  vary  with  speed,  while  a  single  curve 
can  be  used  to  represent  the  relation  of  sinkage  to  cone  index  for  tests  at 
both  speeds. 

21.  The  sinkage  at  the  maximum  pull  point  and  the  maximum  pull  coef¬ 
ficient  are  each  plotted  versus  cone  index  in  plate  8.  The  15  percent  de¬ 


flection  data  indicate  that  the  poll  coefficient  and  the  sinkage  vary  with 
speed,  i.e.  the  pull  coefficient  increases  as  speed  increases,  wnile  sink- 
age  decreases  as  speed  increases.  Although  the  puli  coefficient  increased 
as  speed  increased  in  tests  conducted  at  35  percent  deflection,  tne  sink- 
ages  for  this  same  group  of  tests  did  not  appear  to  vary  with  speed. 

22.  When  the  maximrsn  pull  and  towed  force  data  shown  in  plates  7  and 
8  are  examined  with  respect  to  sinkage  rather  than  soil  strength,  it  can  be 
seen  that  the  towed  and  puli  coefficients  increase  as  speed  increases  at 
any  given  value  of  sinkage.  This  suggests  that  the  resistance  to  displace¬ 
ment  of  sand  increases  as  the  rate  of  displacement  increases.  At  the  towed 
point,  the  increase  in  resistance  apparently  results  in  a  greater  rolling 
resistance,  and  at  the  maximum  pull  point,  it  apparently  results  in  greater 
available  traction. 

23.  From  the  data  in  plates  5-8  it  is  concluded  that  the  performance 
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of  pneumatic  tires  operating  in  air-dry  sand  is  affected  by  changes  in 
speed.  However,  the  extent  to  which  speed  influences  performance  has  not 
been  wholly  determined,  and  it  is  apparent  that  additional  tests  are 
needed. 
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Effect  of  Carcass  Stiffness 

2k .  Performance  data  from  tests  with  two  tires  with  widely 

different  carcass  stiffnesses  (2-  and  8-PE)  are  com.oared  in  plates  9  and  10 
to  determine  the  effect  of  carcass  stiffness  on  per  romance .  The  tires 
were  tested  with  an  890-lb  load  at  15  and  35  percent  deflection.  When  not 
inflated,  the  2-PR  tire  is  relatively  flexible,  but  even  at  zero  in 'ration 
the  S-PR  tire  has  considerable  carcass  stiffness:  therefore,  significantly 
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tires  are  piotted  versus  soil  strength  in  pi?  _e  9;  and  the  maximum  pull 
data  and  related  sinkage  versus  soil  strer.rsh  in  plate  10-  At  15  percent 
deflection,  the  test  performance  of  tee  2-FR  tire  '.as  slightly  better, 
i.e.  it  developed' more  pull  and.  less  force  was  required  tc  tow  it.  For 
tests  at  35  Percent  deflection,  no  difference  in  performance  vas  noted. 

26.  Based  on  these  observation it  is  concluded  that  wide  differ¬ 
ences  in  tire  carcass  stiffness  result  ir.  very  little  difference  in  tire 
performance  on  dry  desert  sand  when  the  tires  are  of  equal  size  and  are 
operating  at  the  same  deflection.  It  is  further  concluded  that  for  a  given 
load-soil  strength  combination,  deflection  is  a  more  useful  criterion  of 
tire  Performance  than  is  inflation  ores sure . 


Vi 


Effect  of  Tire  Construction 


Diagonal  ply 


2'f.  The  primary  difference  between  the  radial-ply  tire  and  the 
diagonal-ply  tire  most  commonly  seed  is  in  the  arrangement  of  the  cord 


A 


12 


fabric.  Diagonal -ply  construction  places  an  even  number  of  layers  (cr 
plies)  of  cord  fabric  one  atop  the  other.  The  cords  in  each  layer  are 
parallel  and  <aake  an  angle  of  approximately  45  deg  with  the  tire  sidewall. 
The  tire  is  constructed  so  that  the  cords  of  each  successive  ply  are  ap¬ 
proximately  opposite  to  those  of  the  previous  ply.  In  this  manner,  a 
crisscross  or  diagonal  pattern  of  cords  is  developed  with  an  angle  of  ap¬ 
proximately  50  deg  between  cords  in  adjacent  plies. 

Radial  ply 

28.  In  radial-ply  construction  the  inner  (or  body)  cords  are  placed 
radially  so  as  to  make  an  angle  of  approximately  90  deg  with  the  tire  side- 
wall.  Layers  of  cord  fabric  are  then  placed  nearly  circumferentially  atop 
the  radial  plies  in  the  crown  area.  The  only  direct  contact  between  the 
two  separate  series  of  plies  is  bet -ween  the  outermost  radial  ply  and  the 
innermost  circumferential  ply.  Because  of  the  slight  angle  at  which  the 
circumferential  ply  cords  are  set,  the  angle  between  these  layers  is  some¬ 
what  less  than  90  deg.  The  radial  direction  of  the  body  plies  provides  a 
very  flexible  sidewall,  and  the  circumferential  layers  provide  a  stiff  hoop 
or  belt  that  resists  circumferential  compression  cr  extension. 

Comparison 

29.  In  plates  11  and  12,  performance  data  for  the  6.00-16,  4-PR 
radial-ply  tire  are  compared  with  corresponding  data  obtained  with  the 
6.00-16,  2-PR  diagonal-ply  tire.  The  dimensions  of  the  two  tires  are  simi¬ 
lar,  with  diameters  of  approximately  27  in.  and  diameter-to-width  ratios  of 
approximately  4-3.  Data  discussed  in  paragraphs  25  and  26  indicated  that 
large  variations  in  carcass  stiffness  produced  very  minor  differences  in 
tire  performance.  Differences  in  construction,  compared  in  plates  11  and 
12,  show  that  for  all  comparisons,  either  a  single  line  or  generally  paral¬ 
lel  lines  describe  the  performance  of  both  tires,  with  the  diagonal-ply  tire 
performing  as  well  as,  or  slightly  better  than  the  radial -ply  tire  in  each 
instance.  These  differences  in  performance  may  be  due  in  part  to  the  dif¬ 
ference  in  tire  construction  and  the  associated  differences  in  hard-surface 
contact  pressure.  The  average  contact  pressures  measured  for  the  two  tires 
at  comparable  load-deflection  conditions  are: 
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Average  Corr 


Tire  Type 

Load 

lb 

Deflec¬ 
tion,  % 

tact  Pressure 
psi 

Radial  ply 

S90 

15 

50.9 

Diagonal  ply 

890 

15 

46.2 

Radial  ply 

890 

35 

20.3 

Diagonal  ply 

890 

35 

15.5 

For  a  given  load-deflection  condition,  the  diagonal-ply  tire  has  a  lov/er 
hard-surface  contact  pressure.  Investigations  described  in  Report  2  of 
this  series  indicate  that  for  a  given  tire  the  pull/load  ratio  ( —  J  devel¬ 
oped  in  sand  is  increased  as  hard-surface  contact  pressure  is  decreased. 
Thus,  the  trends  shown  here  generally  agree  witn  those  described  in 
Report  2. 


Correlation  of  Wheel  Slip  with  Other  Test  Variables 

30.  It  is  important  that  any  relations  which  may  exist  between  per¬ 
formance  parameters  be  established  because  such  knowledge  will  enhance  the 
development  of  design  criteria  and  performance  prediction  equations.  Since 
wheel  slip  is  an  indicator  of  the  interaction  that  takes  place  at  the  tire- 
soil  interface,  it  follows  that  orderly  relations  should  exist  between  this 
variable  and  others  in  the  tire-soil  system.  Therefore,  investigations 
were  made  to  determine  the  relations  between  slip  and  each  of  several  vari¬ 
ables,  including  both  static  (wheel  load,  soil  strength)  and  dynamic  (pull, 
sinkage)  measurements,  so  that  slip  might  be  used  as  a  common  denominator 
in  studying  the  interrelations  of  performance  parameters  for  a  wide  variety 
of  tire  sizes  and  shapes.  Data  from  these  investigations  are  plotted  in 
plates  13-20. 

Slip  at  the  towed 

point  versus  soil  strength 

31.  The  slip  at  the  towed  point  for  each  of  the  test  tires  under  a 
variety  of  test  conditions  is  plotted  against  cone  index  in  plates  13-18. 
The  plates  show  that  for  each  tire  operating  at  a  given  deflection,  the 
plotted  data . separate  by  load.  Individual  curves  tend  to  become  asymptotic 
at  low  negative  slip  values  in  the  high  soil  strength  range  (S5  cone  index 
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and  above).  At  various  lower  soil  strength  levels  (the  exact  value  depend¬ 
ing  on  the  test  conditions),  these  curves  reach  a  point  at  which  negative 
wheel  slips  increase  rapidly  with  very  small  changes  in  soil  strength.  A 
decrease  in  slip  with  soil  strength  is  observed  in  each  instance,  and  al¬ 
though  the  specific  effects  of  changes  in  load,  tire  size,  and  tire  deflec¬ 
tion  have  not  been  delineated,  it  can  be  seen  that  each  of  these  ha;>  an 
effect  on  the  relation  of  slip  to  soil  strength. 

Slip  versus  towed 
force  and  versus  sinkage 

32.  Definite  correlations  have  been  established  between  slip  and 
tov;ed  force  and  between  slip  and  sinkage  at  the  towed  point  (see  plates  19 
and  20,  respectively).  The  data  represent  tests  conducted  with  l6  tires 
(including  two  dual  configurations).  It  should  be  noted  that  the  11.00-20, 
12-PR  tire  data  diverge  considerably  from  the  performance  curves  established 

Pip  zT 

for  the  remaining  tires.  Curves  representing  ~  and  —  { =  sinkage 

at  the  towed  point;  d  =  carcass  diameter)  values  for  this  tire  are  signifi¬ 
cantly  lower  than  those  drawn  to  represent  the  average  of  the  other  tire 
data.  The  reason  for  these  differences  is  not  fully  understood.  It  is 
also  interesting  to  note  that  more  slip  was  required  for  duals  than  for 
corresponding  single  tires  to  produce  equal  sinkage.  The  scatter  in  the 
data  for  the  various  smaller  single  tires  obscures  any  size  influences  that 
may  exist.  The  combined  plots  shown  simply  present  the  general  trends  of 
the  slip-performance  relations.  In  general,  data  plotted  in  plates  19  and 
20  indicate  that  the  sinkage  and  rolling  resistance  of  a  towed  wheel  are 
related  to  slip  and  that  at  any  given  slip,  these  two  parameters  are  func¬ 
tions  of  tire  geometry.  Discussions  in  Report  2  and  in  paragraph  31  herein 
indicate  that  they  are  functions  of  soil  strength,  wheel  load,  and  deflec¬ 
tion,  as  well. 

Relations  between  slip,  sink- 
age,  and  pull  at  the  towed  point 

33.  To  illustrate  the  orderly  relations  that  exist  between  the  de¬ 
pendent  variables  (slip,  sinkage,  and  pull)  at  the  towed  point,  as  well  as 
their  relation  to  soil  strength,  a  group  of  tests  were  chosen  in  which  tire 
geometry,  tire  deflection,  and  wheel  load  could  be  considered  constant.  In 
plate  21,  four  coordinated  curves  depict  the  relation  of  the  four  variables 
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in  different  combinations .  The  average  curves  shown  were  drawn  from  visual 
examination  and  are  considered  to  fit  the  plotted  data  well.  Any  particu¬ 
lar  point  on  the  average  curves  can  be  projected  from  one  curve  to  the  next 
until  it  is  returned  to  its  original  position.  While  the  plotted  points  in 
plate  21  represent  tests  conducted  at  a  single  tire-load-deflection  combi¬ 
nation,  similar  relations  can  be  shown  for  other  combinations. 

Slip  at  the  maximum  pull  point 

34.  The  slip  versus  performance  relations  investigated  up  to  this 
point  have  been  based  on  towed  point  data.  Development  of  corresponding 
pl.ots  at  the  maximum  pull  point  was  not  feasible  because  the  first-pass 
maximum  pull  was  attained  within  a  relatively  narrow  slip  range  (approxi¬ 
mately  15  to  25  percent)  for  all  of  the  various  test  conditions.  Since 
slip  of  the  wheel  and  the  strain  occurring  in  the  underlying  soil  are  re¬ 
lated  to  some  degree,  the  fact,  that  the  maximum  pull  occurs  ever  a  rela¬ 
tively  narrow  slip  range  is  of  some  physical  significance.  However,  it 
must  be  recognized  that  tne  effective  rolling  radius  of  a  pneumatic  tire  is 
partially  dependent  on  soil  strength;  therefore,  the  calculated  slip  can  be 
considered  no  more  than  an  approximation,  and  the  differences  in  the  slip 
at  the  maximum  pull  point  may  actually  be  less  than  indicated.  These  ob¬ 
servations  illustrate  the  need  to  conduct  tests  with  wheels  of  a  known 
radius  (i.e.  rigid  wheels)  in  order  to  ascertain  relations  among  wheel 
slip,  soil  strain,  and  soil  strength. 

Major  Performance  Coefficients  at  urte  Towed  and 
Maximum  Pull  Points  Versus  Sinkage 


35-  In  Report  2  of  this  series  the  towed  and  pull  coefficients 

/PT  PM\ 

y—  and  — J  were  plotted  versus  cone  index  and  it  was  found  that  the 
relation  developed  for  each  tire  operating  at  a  given  deflection  separated 
by  load.  Slip  at  the  towed  point  is  related  to  cone  index  (paragraph  31); 
therefore,  it  was  of  interest  to  study  the  relation  between  sinkage  and 
pull  at  the  towed  point  and  at  the  maximum  puli  point.  A  correlation  De- 

Prp 

tween  the  dimensionless  ratios  -r-  and  —  is  shown  in  plate  22,  and  be- 
zM  PM  d  W 

tween  —  and  —  in  plate  23,  using  test  data  which  included  l6  tire 
configurations,  all  loads,  all  deflections,  and  all  soil  strengths  tested 
in  Yuma  sand.  Test  results  for  all  tires  except  the  11.00-20,  12 -PR  appear 
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in  tables  included  in  Report  2.  Results  of  the  11.00-20,  12-PR  tire  tests 
are  in  tables  3  and  h  of  this  report. 

36.  The  correlations  shown  in  plates  22  and  23  are  important  because 

they  indicate  that  any  system  that  can  be  used  to  predict  either  of  the 

P  z 

major  performance  coefficients,  -  or  ^  ,  at  the  towed  or  maximum  pull 
point  can  also  be  used  to  predict  the  other  performance  coefficient  at  the 
same  point.  This  indicates  that  both  the  forces  on  the  wheel  and  the  sink- 
age  are  related  to  the  same  independent  variables,  i.e.  tire  geometry,  tire 
deflection,  wheel  load,  and  soil  strength.  The  scatter  in  the  data  shown 
in  plates  22  arid  23  has  not  been  fully  explained,  but  to  some  extent  it  may 
be  due  to  differences  in  slip.  For  instance,  at  15  percent  deflection  the 
negative  slip  of  the  11.00-20  tire  at  the  towed  point  was  higher  than  that 
of  the  other  tires  at  a  given  cone  index  value,  and  data  for  this  tire  sepa¬ 
rate  from  the  other  data  in  plate  22.  However,  the  slips  associated  with 
the  maximum  pull  data  for  the  11.00-20  tire  generally  fall  within  the  15  to 
25  percent  range  previously  mentioned,  and  in  plate  23  the  maximum  pull 
data  for  this  tire  fall  within  the  scatter  band  established  by  the  other 
tire  data.  The  need  for  a  detailed  study  of  the  slip  phenomena  is  also 
apparent  in  this  comparison. 

37.  A  statistical  analysis  of  the  .data  in  plates  22  and  23  was  con¬ 
sidered.  It  was  decided  that  the  results  of  such  an  analysis  would  not  be 
particularly  revealing  because  the  differences  in  slip  values  appear  to 
have  affected  the  correlation. 
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PART  III:  COPiEELAHON  OF  SINGLE-WHEEL 
AND  4x4  VEHICLE  DATA 

38*  Single-wheel  tests  provide  a  convenient  means  for  studying  the 
basic  relations  than  govern  the  movement  of  a  pneumatic  tire  in  soft  soils. 
A  wide  variety  of  tires,  loads,  and  soil  strengths  can  be  studied  quickly 
and  at  relatively  small  expense.  However,  it  must  be  shown  that  the 
single-wheel  test  results  are  related  to  the  performance  cf  actual  wheeled 
vehicles. 

Method  of  Correlation 

39*  To  verify  this  relation,  resxilts  of  single-wheel  tests  were  com¬ 
pared  with  performance  data  for  a  4x4  vehicle.  The  first  pass  of  the 
single- wheel  tests  was  assumed  to  represent  the  passage  of  the  front  wheels 
of  a  vehicle  and  the  second  the  passage  of  the  rear  wheels.  The  pull  val¬ 
ues  developed  in  the  fixst  and  second  passes  were  added  and  the  sum  multi¬ 
plied  by  two  (so  represent  both  sides  cf  the  vehicle)  to  produce  a  value 
comparable  tc  the  pull  developed  by  a  4x4  vehicle  under  similar  test  condi¬ 
tions.  One  complicating  factor  which  had  to  be  considered  was  that  maximum 
pull  usually  occurs  at  different  percentages  of  slip  for  the  first  and 
second  passes  of  a  single  wheel,  ’while  slip  experienced  by  the  front  and 
rear  axles  of  a  4x4  vehicle  normally  is  about  the  same.  Hence  it  was  nec- 
;  essary  to  select  a  common  value  of  slip  at  which  to  read  the  pill  -for  both 
passes  of  the  single  wheel. 

Selection  of  slip  values 

40.  As  a  matter  of  utility,  the  constant  slip  value  at  which  the 
4x4  vehicle  data  and  sing] e-wheel  data  were  compared  was  selected  to 
correspond  to  a  significant  level  of  tire  performance.  Examination  of 
a  large  block  of  tabulated  tire  test  results  and  the  pull  versus  slip 
curves  for  a  number  of  tests  in  both  Yuma  and  mortar  sands  showed  that 
20  percent  slip  was  the  value  most  frequently  associated  with  the  maximum 
pull  point.  All  of  the  following  test  data  are  compared  at  20  percent  slip. 
In  the  4x4  vehicle  tests,  slip  was  maintained  at  a  constant  level  for  at 
least  two  lengths  of  the  test  vehicle.  Performance  data  were  taken  for  the 


~e_oni  lengtn  30  “that  the  rear  wheels  would  be  developing  pull  in  a  rut 
that  had  been  generated  by  the  front  wheels  operating  at  the  test  slip. 

4x4  test  vehicle 

41.  Forty  tests  were  performed  with  a  4x4  vehicle  in  Yuma  and  mortar 
sands  to  provide  vehicle  performance  data  for  comparisons  with  single-wheel 
results.  The  4x4  test  \rehicle  was  a  jeep  station  wagon  (see  fig.  3)  which 
■was  modified  by  eliminating  the  differential  action  so  that  all  wheels 
would  rotate  at  the  same  speed.  Also,  the  suspension  springs  were  blocked 
off  by  welding  to  reduce  the  vertical  load  oscillations  caused  by  the  ve- 
hi  .rle's  own  suspension  system.  Weights  were  so  placed  on  the  vehicle  that 
each  wheel  was  equally  loaded,  and  a  hand-operated  gas  feed  arrangement  was 
Installed  to  improve  control  of  wheel  speed.  The  test  vehicle  was  con- 

ne  -ted  to  the  dynamometer  carriage  by  means  of  a  linear  ball  bushing  and 
swl:-l  Joint  to  eliminate  e. -centric  loadin^  that  might  otherwise  have  taken 
via'*:-.  Instrumentation  for  this  test  system  was  arranged  so  that  a  contin¬ 
uous  record  was  made  of  horizontal  pull,  wheel  distance  (revolutions)  trav¬ 
eled,  and  horizontal  ground  distance  traveled.  The  last  two  items  of  infor¬ 
mation  were  recorded  so  that  the  wheel  slip  could  be  calculated  at  any  point. 
Load  transfer  between  axles 

42.  In  order  to  estimate  the  extent  of  load  transfer  between  the 
front  and  rear  axles  ol’  the  4x4  test  vehicle  when  pull  is  developed,  the 
vehicle  was  loaded  to  3560  lb  gross  weight  and  placed  on  a  set  of  heavy- 
duty  truck  scales.  These  scales  are  arranged  so  that  front  and  rear  axle 
loads  can  be  measured  separately.  The  brakes  were  set  and  horizontal  pulls 
applied  at  the  drawbar  pin.  For  each  change  of  pull,  the  resulting  load 
transfer  between  axles  was  measured .  When  load  transfer  was  plotted 
against  pull  (plate  24),  it  was  found  that  the  load  transfer  on  a  firm, 
level  surface  amounted  to  about  9  percent  of  the  pull.  These  data  (plate 
24)  are  in  general  agreement  with  the  solutions  obtained  from  a  previously 
developed  theoretical  weight  transfer  equation.  The  equation  and  its  de¬ 
velopment  are  given  in  Appendix  A.  If  the  pull  developed  by  a  wheel 
varies  directly  with  the  load  applied,  the  I03S  of  pull  by  one  axle  usually 
will  be  partially  compensated  for  by  an  equal  gain  in  pull  by  the  other 
axle  because  of  the  load  transfer.  Therefore,  no  attempt  was  made  to  cor¬ 
rect  for  load  transfer  in  this  analysis. 
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Relation  of  Single -Wheel  to  4x4  Vehicle  Data 


43.  The  data  that  were  used  to  eon: are  single-wheel  and  4x4  vehicle 
performance  are  listed  in  tables  ‘>-11.  Tno  relations  of  adjusted  single¬ 
wheel  and  4x4  performance  data  to  soil  strength  are  illustrated  in  plates 
25-27.  For  a  constant  level  of  soil  strength,  the  formula  for  adjusted 
single-wheel  data,  2[P_A  (first  pass)  +  PAA  (second  pass)],  should  indicate 

C-.U  cU 

better  performance  than-  a  four-wheel  drive  vehicle  equipped  with  the  same 
tires  since  four  factors  were  known  to  detract  from  the  4x4  vehicle's  per¬ 
formance  during  these  tests:  it  experienced  dynamic  load  transfer;  its 
inherent  friction  was  greater  than  that  of  the  single  wheel;  the  rotational 
speed  of  its  wheels  are  approximately  30  percent  less  than  that  of  the 
single  wheel,  even  though  the  slips  were  equal;  and  observations  made  dur¬ 
ing  the  test  indicated  that  the  rear  wheels  did  not  perfectly  track  tne 
front  wheels. 

44.  Data  obtained  from  tests  with  the  4.50-18  tires  operating  in 
Yuma  sand  are  plotted  in  plate  25  and  display  the  expected  pattern.  Data 
shown  in  plates  26  and  27  were  taken  from  tests  with  the  9.00-14  tires 
operating  in  Yuma  and  mortar  sands,  respectively’.  For  the  9*00-14  t.rec 
at  35  percent  deflection,  a  reverse  of  the  expected  trend  is  seen,  i.e. 
the  4x4  vehicle  performance  exceeds  the  adjusted  data  by  a  noticeable 
margin  in  both  sands.  Although  inertial  forces  have  not  been  considered 
in  the  adjusted  single-wheel  data  shown  in  plates  25-27,  the  total  correc- 
tion  from  this  source  would  not  increase  the  adjusted  pull  by  more  than  20 
to  30  lb.  One  possible  explanation  of  the  reversals  may  lie  in  the  assess¬ 
ment  of  soil  strength.  The  tires  were  of  about  equal  diameters  but  of  dif¬ 
ferent  widths.  It  may  be  that  cone  index  averaged  over  the  0-  to  6-in. 
depth  may  be  adequate  for  the  narrow  tire  (4.50-18),  but  inadequate  for  the 
wider  t're  (9.00-14).  This  suggests  that  cone  index  should  be  averaged 
over  a  depth  proportional  to  tire  width.  A  review  of  the  cone  index  versus 
depth  curves  revealed  that  the  4x4  tests  were  conducted  on  test  sections 
where  the  slopes  of  penetration  curves  were  fairly  constant  to  a  depth  of 
at  least  9  in.  For  the  single-wheel  tests,  the  slopes  of  the  penetration 
resistance  curves  were  fairly  constant  to  a  depth  of  about  6  in.  and  then 


21 


Fig.  4.  Typical  penetration  resistance  curves,  mortar  sand 


began  to  decrease.  Typical  penetration  resistance  curves  are  shown  in 

fig.  4. 

45.  The  relation  between  single-wheel  and  4x4  vehicle  test  data  is 
examined  in  a  different  manner  in  plates  28  and  29,  by  using  the  smooth 
curves  from  plates  25-27  to  compare  performances  directly  at  different 
values  of  cone  index.  Using  the  average  cone  index  of  the  0-  to  6- in. 
layer,  the  points  on  each  curve  progress  by  an  interval  of  5  cone  index, 
with  the  first  and  last  points  identified.  As  explained  in  the  preceding 
paragraph,  the  adjusted  single-wheel  pull  data  were  expected  to  exceed  the 
4x4  vehicle's  pull  for  a  constant  soil  strength.  In  both  plates,  the 
plotted  curves  are  generally  parallel  to  a  1:1  line  and  follow  the  expected 
trends,  with  the  exception  of  the  curves  representing  data  from  tests  with 
the  9 •00-1^  tires  at  35  percent  deflection.  While  these  results  suggest 
that  the  performance  of  a  4x4  vehicle  can  be  estimat  id  from  single-wheel 
tests  with  reasonable  accuracy,  the  need  for  further  study  is  also 
indicated. 
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PART  IV:  DIFFERENCES  BETWEEN  T'.MA  AND  MORTAR  SANDS 


46.  For  a  system  of  predicting  vehicle  performance  to  be  effective, 
the  technique  for  measuring  soil  strength  must  account  for  minor  differ¬ 
ences  in  generally  similar  soils.  Comparisons  of  4x4-vefcicle  and  single- 
wheel  performance  data  developed  in  Yuma  and  moi*tar  sands  provide  a  basis 
for  such  an  evaluation  of  the  0-  to  6 -in.  cone  index  measurement. 

Comparisons  of  Tire  Performance  in  Yuma  ana  Mortar  Sands 

Maximum  pull 

4?.  Pulls  produced  In  Yuma  and  mortar  sands  are  compared  in  plates 
30- 32.  These  plates  show  that  in  both  sands  the  pull  versus  cone  index 
curves  are  similar  in  shape  for  ea-ch  individual  combination  of  wheel  load, 
tire  size,  and  deflection,  (in  plate  32,  this  is  true  for  15  percent  de¬ 
flection  only  if  the  l4  Cl  mortar  sand  data  point  is  ignored.)  Pulls  de¬ 
veloped  by  the  4.50-18,  4-PR  tire  in  Yuma  sand  were  greater  than  those  de¬ 
veloped  in  mortar  sand  by  the  nearly  constant  amounts  of  300  lb  at  15  per¬ 
cent  deflection  and  about  230  lb  at  35  percent  deflection  (plate  30 ). 

Pulls  developed  by  the  9*00-14,  2-PR  tire  at  15  percent  deflection  were 
-  also  greater  in  Yuma  sand.  Data  indicate  that  vehicle  tests  with  this  tire 
deflected  15  percent  produced  about  200  lb  more  pull  in  Yuma  sand  than  in 
mortar  sand,  and  that  adjusted  single-wheel  pull  was  about  200  to  300  lb 
more  (plates  31  and  32).  Pulls  developed  by  the  same  tire  at  35  percent 
deflection  were  about  the  same  in  Yuma  and  mortar  sands  of  the  same  cone 
index. 

48.  In  examining  these  differences  in  pull  for  the  four  tire  size- 
deflection  conditions  in  the  two  sands,  it  was  noted  that  the  magnitude  of 
the  differences  varied  approximately  in  proportion  to  the  hard- surface  tire 
contact  pressure.  Hard-surface  contact  pressures  for  the  4.50-18,  4-PR 
tire  at  15  and  35  percent  deflections  under  89O-I0  wheel  load  are  70.4  and 
25.O  psi,  respectively,  while  corresponding  measurements  for  the  9«00-l4, 
2-PR  tire  are  37*0  and  12.5  psi,  respectively. 

Pull-slip  relations 

49.  The  pull-slip  relations  for  eight  tests  with  the  9»<-X)-l4,  2-PR 
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tire  are  shewn  in  plates  33  and  34.  Except  for  the  type  of  sand,  test  con¬ 
ditions  were  practically  identical,  in  every  respect;  a  difference  of  1  cone 
index  (0-  to  6- in.  average)  was  the  largest  variation  in  a  controlled  test 
variable  fer  each  set  of  curves  shown.  For  comparable  sets  of  data,  the 
pull-slip  relation  for  Yuma  sand  is  generally  parallel  to  the  relation  for 
mortar  sand  but  displaces  toward  the  larger  values  of  pull.  Differences 
between  pull  values  are  somewhat  more  pronounced  at  15  percent  deflection 
than  at  35  percent.  These  results  follow  the  general  trends  observed  in 
p?-.ates  30-32,  i.e.  the  pulls  developed  in  Yuma  sand  were  usually  higher 
than  those  in  mortar  sand  and  the  magnitude  of  these  differences  was  re¬ 
lated  to  the  hard- surface  contact  pressure.  Plates  33  ana  also  show 
that  the  differences  in  the  puli  developed  are  not  unique  to  the  maximum 
pull  condition. 

Comparison  of  Physical  Characteristics  of  Yuma  and  Mortar  Sands 

Classification  data 

50.  A  general  description  of  the  origin  of  the  Yuma  and  mortar  sands 
used  in  the  WES  mobility  test  program  is  given  in  paragraph  k  of  this  re¬ 
port.  Gradation  and  classification  data  are  given  in  plate  35  and  show 
that  both  sands  are  poorly  graded  to  approximately  the  same  degree,  but 
mortar  sand  is  coarser.  Based  uion  the  mechanical  analysis  indicated  in 
plate  35  and  other  analyses  made  in  the  fie a ^  for  the  two  sands,  Yuma  sand 
was  classified  as  SP-SM  and  mortar  sand  as  3P  under  the  Unified  Soil  Clas¬ 
sification  System.  Average  specific  gravities  for  the  two  sands  were  de¬ 
termined  and  are  almost  identical  at  2.67.  An  examination  of  samples  under 
a  microscope  revealed  that  the  Yuma  sand  particles  are  slightly  more 
rounded  than  those  of  mortar  sand.  Minimum  density  values  for  the  two 
sanos  are  approximately  equal,  but  the  maximum  density  of  the  mortar  sand 
is  106.1  Ib/eu  ft,  while  that  of  Yuma  sand  is  104.0  lb/cu  ft. 

Relation  of  cr  to  cone  index 

51.  The  data  in  plate  36  show  the  relation  of  c  to  0-  to  6-in. 

r 

cone  index  for  Yuma  and  mortar  sands.  Basically,  c  is  a  measure  of  rela- 

tive  effective  soil  strength  as  determined  from  penetration  tests  with 

*  „ 

circular,  flat  plates.”'  All  the  data  in  plate  3b  fall  within  a  restricted 


scatter  band  about  a  single  line,  indicating  that  the  soil  properties  de¬ 
scribed  by  and  0-  to  6-in.  cone  index  are  approximately  the  same  for 

Yuma  and  mortar  sands. 

Dry  density  versus  cone  index 

52.  Dry  density  versus  0-  to  6-in.  cone  index  are  compared  for  Yuma 

and  mortar  sands  in  plate  37-  The  Yuma  sand  data  are  from  a  special  series 

7 

of  tests  conducted  in  carefully  prepared  test  sections.  Mortar  sand  data 
are  from  soil  sections  for  routine  tire  performance  tests  548  through  558 
end  from  some  special  soil  test  sections.  There  is  more  scatter  about  the 
curve  for  mortar  sand  data,  but  curves  for  both  sands  are  fairly  well  de¬ 
fined.  At  density  values  in  excess  of  about  97  lb/cu  ft,  the  cone  index  of 
mortar  sand  is  slightly  less  than  that  of  Yuma  sand.  These  data  lead  to 
the  tentative  conclusion  that  the  cone  index-density  relation  is  not  the 
same  for  the  two  soils. 

53-  However,  the  in  situ  density  measurements*  used  to  construct  the 
plot  shown  in  plate  37  represent  an  average  of  the  top  2  in.  of  soil,  while 
the  cone  index  is  an  average  of  bhe  top  6  in.  Plate  38  shows  a  plot  of  the 
0-  to  2-in.  cone  index  measurements  versus  density  for  the  same  group  of 
tests  as  shown  in  plate  37-  A  single  line  now  delineates  the  cone  index- 
density  relation  for  both  sands,  although  considerable  scatter  is  evidenced. 
This  scatter  ray  be  attributed  to  one  or  more  of  several  factors;  namely, 
disturbance  created  by  placing  the  density  device  (particularly  at  very  low 
or  very  high  relative  densities),  the  method  of  evaluating  the  shallow  cone 
index-depth  profiles,  and  the  changes  in  strength  that  result  from  small 
changes  (even  a  traction  of  a  percent)  in  moisture  content  of  the  sand. 

Thus,  the  corny  rison  shown  in  plate  38,  in  which  the  relative  strength  and 
the  density  v  *re  measured  for  approximately**  the  same  layer  of  soil,  leads 
to  the  conclusion  that  cone  index  and  density  are  related  in  the  same  pro¬ 
portion  in  both  sands. 


*  These  should  not  be  confused  with  the  density  measurements  connected 
with  triaxial  and  direct  shear  tests  (see  table  12). 

**  The  height  of  the  cone  is  1.5  in.,  and  therefore,  the  0-  to  2-in. 
average  reflects  an  average  strength  over  a  depth  in  excess  of  2  in. 
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Direct  shear  and  tri¬ 
axial  shear  test  results 

54.  Carefully  controlled  direct  shear  and  triaxial  shear  tests  were 
made  in  the  laboratory  with  representative  samples  of  Yuma  and  mortar  sands 
Test  results  for  both  are  listed  in  order  of  increasing  values  of  dry  den¬ 
sity,  ,  in  tables  13  and  l4.  In  each  table,  the  Yuma  end  mortar  sand 
test  results  are  grouped  opposite  one  another  by  generally  corresponding 
dry  densities. 

55-  Direct  shear  tests.  Data  from  direct  shear  tests  are  used  in 
plate  39  to  plot  the  relation  of  r‘riction  angle  to  dry  density  for  each  of 
the  test  sands.  The  relation  reveals  that  values  for  Yuma  sand  are  con¬ 
sistently  larger  than  those  for  mortar  sand  of  the  same  density.  Friction 
angle  values  for  mortar  sand  increase  with  dry  density  faster  than  do  those 
for  Yuma  sand,  so  that  the  difference  between  friction  angle  values  for  the 
two  soils  decreases  from  about  9  deg  at  a  dry  density  of  9'2  lb/cu  ft  to 
only  4  deg  at  105  lb/cu  ft. 

56.  In  plate  40,  the  two  sands  are  compared  by  plotting  the  maximum 
frictional  shear  stress  against  dry  density,  again  using  results  of  the 
direct  shear  tests.  For  the  three  normal  stresses--^  =  7,  21,  and  42 
psi — the  maximum  frictional  shear  stress  for  Yuma  sand  remains  practically 
constant  (5j  15 ,  and  30  psi,  respectively)  for  all  values  of  density.  For 
the  normal  stresses,  values  of  maximum  frictional  shear  stress  for  mortar 
sand  are  smaller-  than  for  Yuma  sand.  The  difference  in  the  shear  strength 
of  the  two  soils  increases  as  the  normal  stress  increases  when  the 
densities  are  equal. 

57*  Triaxial  shear  tests.  The  internal  friction  angle  and  dry  den¬ 
sity  data  from  the  triaxial  shear  tests  for  both  Yuma  and  mortar  sand  are 
used  in  plate  4l  to  show  that  the  friction  angle,  ,  increases  steadily 
as  dry  density  increases.  The  rate  of  this  change  is  approximately  the 
same  for  both  sands,  and  internal  friction  angle  values  for  Yuma  sand  are 
consistently  about  7  deg  larger  than  those  of  mortar  sand.  Similarly,  the 
triaxial  shear  test  data  used  in  plate  U2  show  that  maximum  frictional 
shear  stress  values  for  both  Yuma  and  mortar  sand  increase  steadily  as  dry 
density  increases.  Maximum  frictional  shear  stress  is  defined  as  one  half 
of  the  maximum  principal  stress  difference  less  the  indicated  cohesion. 
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For  the  three  different  minor  principal  stresses— =  7,  21,  and  42  psi— 
plate  42  shows  that  the  maximum  frictional  shear  strength  of  Yuma  sand  is 
larger  than  that  of  mortar  sand  by  nearly  constant  amounts  throughout  the 
range  of  dry  densities  tested,  and  that  shear  strength  increases  as  the 
normal  stress  increases. 

Shear  stress  versus  contact  pressure 

58.  Plate  43,  which  includes  direct  shear  test  data  and  tire  contact, 
pressure  data,  is  included  at  this  point  to  offer  a  possible  explanation 
for  the  observed  differences  in  the  performance  data  obtained  in  the  two 
sands  (paragraph  49).  If  contact  pressure  is  considered  as  a  normal  pres¬ 
sure  applied  to  the  sand,  the  data  (plate  43)  show  that  the  difference  in 
shear  stress  in  the  two  sands  is  small  for  the  9.00-14,  2-PR  at  35  per¬ 
cent  deflection.  Reference  to  plates  30-32  reveals  that  the  difference  in 
the  pulls  developed  is  negligibly  small  for  this  test  condition.  Con¬ 
versely,  the  largest  difference  in  pulls  is  associated  with  the  4.50-18, 

4-PR  tire  operating  at  15  percent  deflection.  This  corresponds  to  the  con¬ 
dition  (plate  43)  where  the  largest  difference  in  shear  stress  for  the 
two  sands  is  noted. 

59*  Information  gained  by  measuring  the  magnitude  ana  distribution 

56 

of  stresses  at  the  tire-soil  interface  tends  to  support  this  observation.  5 
Bata  presented  in  references  5  and  6  suggest  that  the  contact  pressures 
beneath  the  9*00-14,  2-PR  tire  were  relatively  uniformly  distributed. 

These  contact  pressures  probably  were  approximately  equal  to  the  inflation 
pressure  when  the  deflection  was  relatively  large  (25  to  35  percent)  and 
greater  than  the  inflation  pressure  when  deflection  was  small  (15  percent). 
Pressures  beneath  the  more  rigid  4.50-18,  4-PR  tire  probably  were  less  uni¬ 
formly  distributed,  with  peak  interface  pressures  exceeding  both  the  infla¬ 
tion  pressure  and  the  hard- surface  contact  pressure. 

60.  Based  on  the  results  of  triaxial  and  direct  shear  tests  and  the 
relation  between  cone  index  and  density,  the  conclusion  is  drawn  that  when 
cone  indexes  are  equal,  a  constant  difference  exists  between  the  strength 
of  Yuma  and  mortar  sand  for  a  given  norma],  pressure  and  that  this  differ¬ 
ence  in  strength  increases  as  the  normal  stress  increases.  This  was  re¬ 
flected  by  the  difference  in  pulls  which  increased  as  the  tire-soil  inter¬ 
face  pressures  increased  during  tests  in  the  two  soils  (plate  43).  If 
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laboratory  tests,  such  as  the  tri axial  and  direct  shear  tests,  are  vo  be 
used  to  predict  the  relative  ability  of  coarse-grained  soils  to  provide 
support  and  traction  for  pneumatic  tires,  more  accurate  in  situ  density 
data,  measured  to  depths  of  6  in.  or  more,  must  accompany  the  tests. 
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PART  V:  CONCLUSION 


Siinnnfl.1  j  of  Results  and  Conclusions 

Cl.  .  Based  on  the  analysis  of  test  results  reported  herein,  the  fol¬ 
lowing  conclusions  are  drawn: 

a.  The  performance  in  a  dry  sand  of  a  tire  of  given  dimensions 
improves  significantly  when  tire  deflection  is  increased  or 
when  the  tread  is  buffed  off  (paragraphs  10  and  13) • 

b.  Pull  developed  in  the  positive  slip  range  is  increased  by  an 
increase  in  wheel  speed,  other  conditions  being  equal.  The 
effect  of  speed  on  pull  in  the  negative  slip  range  is  less 
•well  defined,  but  there  appears  to  be  a  tendency  for  towed 
force  to  increase  as  speed  increases.  At  equal  sinkages, 
pull  at  both  the  towed  and  maximum  pull  point  is  of  larger 
magnitude  as  wheel  speed  increases,  suggesting  that  the 
sand's  resistance  to  displacement  increases  as  wheel  speed 
increases  (paragraphs  20-23). 

c.  Large  variations  in  tire  carcass  stiffness  appear  tc  intro¬ 
duce  only  negligible  differences  in  tire  performance  when 
comparisons  are  made  at  equal  tire  deflections  (paragraph 
26). 

d.  A  slightly  better  performance  is  realized  with  a  diagonal- 
ply  6.00-16  tire  than  with  a  radial  ply  6.00-16  tire  (para¬ 
graph  29). 

e.  Logical,  orderly  relations  ex: "c  between  slip  and  each  of 
several  independent  and  dependent  test  variables  at  both  the 
towed  and  maximum  pull  points  (paragraphs  33  and  34). 

f .  Comparisons  of  4x4  vehicle  performance  with  the  results  of 
single-wheel  tests  show  that  good  correlation  can  be  at¬ 
tained  between  these  two  sets  of  data  (paragraph  45). 

g.  At  the  same  cone  index,  Yuma  sand  has  a  higher  angle  of 
internal  friction  and  permits  a  given  tire  to  develop  a 
higher  pull  than  does  mortar  sand  (paragraphs  55  and  60). 


Recommendations 


62.  The  following  recommendations  are  made  based  on  the  experience 
gained  in  this  study: 

a.  Additional  tests  should  be  conducted  in  Yuma  sand  to  provide 
data  that  can  be  used  to  describe  quantitatively  the  effects 
on  tire  performance  of  (l)  tire  deflection,  (2)  tread,  and 
(3)  wheel  speed.  Towe^-  tests  and  constant-slip  tests  run  at 
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both  high  and  low  speeds  are  needed  so  that  the  -influence 
of  speed  can  be  studied  more  directly. 

b.  A  program  of  fundamental  studies  should  be  continued  to  ex~ 
plain  the  influence  on  tire  performance  of  all  the  important 
variables. 

c.  Additional  tests  should  be  conducted  with  full-scale  wheeled 
vehicles  both  in  the  laboratory  and- in  the  field  to  demon¬ 
strate  the  relation  to  single- wheel,  multiple -pass  data,  and 
a  correlation  should  be  made  of  single-wheel,  multiple-pass 
data  with  existing  full-scale  vehicle  performance  data,; 

d.  ,  The  application  of  laboratory  tests,  such  as  the  tplaxial 

and  direct  shear  tests,  in  predicting  the, ability  of  coarse¬ 
grained  soils  to  support  and  provide  traction  for  pneumatic 
tires  should  be  further  investigated  and  an  effort  made  to 
develop  more  precise  correlations  between  laboratory  test 
data  and  in  situ  strength -density  relations. 
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Table 


Sanusarj'  of  Low-Speed  (0.5  fps)  Test  Result! 
Yuma  Sand,  Pass  1,  Towed  Point 
4.50-18.  4 -  PR  Tire 


l'lec-  Load 

Test  Sta-  tion  (w) 


r  jree 

<?T) 


Torque  (z)  Slip 


59  15 


■0.360 

0.153 

22 

■0.295 

0.073 

45 

•0.388 

o.i46 

49 

•0.166 

0.223 

23 

■0.290 

0.094 

23 

0.343 

0.128 

24 

*  d  is  carcass  diameter 


Table  2 

Summary  of  High-Speed  (lS  fps)  Test  Results 
Yuma  Sand,  Pass  1 
4.50-18,  4- PR  Tire 


Test 

No. 

Sta¬ 

tion 

De¬ 

flec¬ 

tion 

l 

Load 

(v) 

lb 

Towed 

Force 

(?T) 

lb 

Max 

Pull  Pull 

<V  (PM} 

lb  lb 

Torque 

ft-Ib 

Sink- 

a^e 

U) 

in. 

Slip 

$ 

PT 

W 

P 

w 

PK 

w 

d* 

0-  to 
6- in. 
Avg 
Cone 
Index 

Towed  Point 

75?-A 

100 

15 

421 

-189 

0 

2.50 

-28.2 

-0.449 

0.092 

22 

754A 

116 

15 

452 

-76 

0 

0.62 

-6.8 

-0.168 

0.023 

54 

75SA 

99 

15 

455 

-28 

0 

0. 49 

-5.3 

-0.0c2 

0.018 

53 

?62A 

105 

15 

457 

-6l 

0 

0.47 

-4.2 

-0.133' 

0.017 

53 

757A 

105 

15 

461 

-71 

0 

0.89 

-4.7 

% -0.158 

0.033 

45 

761A 

102 

is 

461 

-70 

0 

9.47 

-2.0 

-0.152 

0.017 

53 

75uA 

108 

35 

442 

-142 

0 

1.79 

-20.5 

-0.322 

O.O06 

25 

763A 

110 

35 

467 

-4o 

0 

0.24 

-1.0 

-0.105 

0.009 

✓  <- 

?60A 

102 

35 

-.74 

-6l 

0 

0.1  y 

-3.1 

-C.129 

0.006 

p  ( 

Self- 

•Propelled  Point 

755A 

107 

15 

423 

0 

150 

2 ,  ?T 

6.1 

0 

0.105 

23 

76IA 

10? 

15 

443- 

O' 

91 

0.4? 

6.5 

c 

0.017 

53 

757A 

111 

15 

450 

0 

88 

G.?6 

4.3 

0 

0.028 

45 

758a 

103 

15 

430 

0 

22 

c.46 

-2.6 

0 

0.018 

53 

755A 

109 

35 

450 

0 

119 

1.46 

1.0 

0 

0.054 

22 

76OA 

105 

35 

476 

r\ 

70 

0.31 

C.O 

0 

0.011 

57 

Maxi 

Lmur  Poll 

Point 

75?A‘ 

111 

15 

417 

.35 

190 

3.20 

lS.7 

0.064 

0.118 

23 

757A 

117 

15 

442 

119 

129 

c.84 

I0.3 

0.278 

0.031 

45 

76lA 

113 

15 

444 

117 

]  72 

0.97 

20.2 

0.264 

O.O36 

53 

758a 

111 

15 

146 

120 

200 

0.76 

9.1 

0.269 

'0.028 

53 

75  5A 

116 

35 

4?3 

91 

167 

2.32 

21.2 

0,208 

0.086 

22 

759A 

97 

35 

448 

232 

234 

0.22 

13.4 

0.518 

0.008 

45 

?60A 

11 4 

35 

430 

185 

209 

0.27 

17.6 

0.411 

0.010 

57 

*  1  is  carcass  diameter. 


Table  3 

Summary  of  Test  Results 
lama  Sand ,  Pass  1,  l’oved  Point 
11.00-70,  12-PR  Tire 


Test  No. 

Sta¬ 

tion 

De- 
flec- 
t  .Oil 

j> 

Load 

(w) 

lb 

Poll 

(PT) 

lb 

Torque 

ft-lb 

Sick- 

age 

(0 

in. 

Slip 

_X_ 

PT 

W 

2 

d* 

0-  to 
6-in. 
Avg 
Cone 
Index 

2-63-0001A 

36 

15 

3000 

-1028 

0 

5.18 

-36.9 

-0.343 

0.126 

31 

2-63-0002A 

65 

:i5 

3000 

-1137 

0 

6.19 

-41.5 

-0.379 

0.151 

21 

2-63-0003A 

39 

*•  c. 

3000 

-688 

0 

4.63 

-33.0 

-O.296 

0.114 

47 

2-63-0004A 

53 

L5 

3000 

-981 

0 

5.13 

-37.0 

-0.327 

0.125 

37 

2-63-0005A 

34 

15 

3000 

-788 

0 

2.78 

-20.8 

-0.263 

0.068 

70 

2-63-0006A 

60 

15 

3000 

-9.14 

0 

3.88 

-29.2 

-0.305 

0.094 

56 

2-63-0013.^ 

35 

15 

4500 

-1380 

c 

6.02 

-36.9 

-0.307 

0.146 

66 

2-63-0014A 

56 

15 

4500 

-1489 

0 

6.89 

-41.7 

-0.331 

0.168 

58 

2-63-C015A 

42 

15 

4500 

-1505 

0 

7.40 

-46.7 

-0.334 

0.180 

48 

2-63-OOI6A 

52 

15 

4500 

-1572 

0 

7.69 

-58.3 

-0.349 

0.187 

39 

2-63-0017A 

43 

15 

4500 

-1591 

0 

8.54 

-52.5 

-0.354 

0.208 

32 

2-63-0018A 

45 

15 

4500 

-1619 

0 

9.06 

-57.7 

-0.360 

0.220 

23 

2-63-0007A 

37 

35 

3000 

-401 

J 

2.46 

-8.0 

-0.137 

0.060 

31 

2-63-OOO8A 

58 

35 

3000 

-484 

0 

3.22 

-10.8 

-O.161 

0.078 

22 

2-63-0009A 

36 

35 

3000 

-225 

0 

0.98 

-2.9 

-O.075 

0.024 

67 

2-63-0010A 

56 

35 

3000 

-246 

0 

1.39 

-3-5 

-0.082 

0.034 

56 

2-63-oollA 

36 

35 

3000 

-316 

0 

1-57 

-5.7 

-0.105 

0.038 

45 

2-63-0012A 

57 

35 

3000 

-353 

0 

2.04 

-6.9 

-0.ll8 

0.050 

36 

2-63-0019A 

33 

35 

4500 

-546 

0 

1.43 

-6.2 

-0.121 

0.035 

65 

2-63-0020A 

53 

35 

4500 

-631 

0 

2.46 

-8.5 

-0.151 

0.060 

56 

2-63-0021A 

32 

35 

4500 

-681 

Q 

2.20 

-8.5 

-0.151 

0.054 

49 

2-63-0022A 

65 

35 

4500 

-898 

0 

3.51 

-15.3 

-0.200 

0.085 

4o 

2-63-0023A 

33 

35 

4500 

-847 

0 

:of- 

-15.1 

-0.188 

0.081 

33 

2-63-0024A 

33 

35 

4500 

-1095 

0 

5.14 

-26.9 

-0.243 

0.125 

25 

*  Average  carcass  diameter  -  41.3  in. 


Table  4 


Summary  of  Test  Results 
Yuma  Sand,  Pars  1,  Maximum  Pull  Point 
LI. 00-20,  12-PR  Tire 


Test  No. 

Sta¬ 

tion 

De¬ 

flec¬ 

tion 

Load 

(w) 

lb 

Pull 

<V 

lb 

Torque 

ft-ib 

2-63-0C25A 

43 

15 

3060 

233 

_ ** 

2-63-0026A 

66 

15 

3080 

169 

— 

2-63-0O27A 

56 

15 

3100 

116 

— 

2-63-0023A 

56 

15 

3050 

107 

— 

2-63-0O29A 

54 

15 

3025 

13 

— 

2-b3-004lA 

56 

15 

3028 

295 

l8  Vo 

2-63-0042A 

54 

15 

300C 

123 

1777 

2-63-0043A 

55 

15 

3063 

12 

1855 

2-63-0044A 

57 

15 

4520 

-117 

27bl 

2-63-0045A 

■55 

15 

4478 

25 

2866 

2-63-0046A 

61 

15 

4460 

-il4 

2699 

2 -63-004 7A 

60 

15 

1.500 

-241 

2735 

2-63-0043A 

50 

15 

4540 

-345 

2  055 

2-63-O030A 

55 

23 

3085 

728 

— 

2-63-003IA 

53 

23 

3030 

480 

— 

2-63-0032A 

57 

23 

3050 

526 

— 

2-63-0033A 

55 

23 

3019 

513 

— 

2-63-0034A 

53 

23 

3040 

387 

— 

2-63-0035A 

56 

23 

3070 

183 

-- 

2-63-O036A 

57 

35 

3020 

998 

2-63-0037A 

58 

35 

3000 

884 

-- 

2-63-OO 38A 

56 

35 

3030 

954 

1928 

2-63-0O39A 

56 

35 

3030 

906 

1928 

2-63-0C40A 

55 

35 

3050 

676 

1901 

2-63-0049A 

55 

35 

4508 

1077 

2740 

2-63-0050A 

56 

35 

4500 

915 

2552 

2-63-0051A 

54 

35 

4500 

888 

2-63-0052A 

55 

35 

4449 

753 

2553 

2-63-0053A 

55 

35 

4629 

534 

2506 

Sink- 

age 

(*) 

in. 

Slip 

*4 

fk 

w 

7 

d* 

0-  to 
6-in. 

Avg 

Gone  Index 

3.16 

18.9 

0.076 

O.Olo 

63 

3.37 

20.0 

0.055 

0.0O2 

57 

4.26 

20.0 

0.037 

0.103 

44 

4.5? 

20.0 

0.035 

0,111 

36 

5.12 

20.0 

o.oo4 

0.124 

22 

3.35 

2o,2 

0.097 

0.06l 

69 

4.00 

20.0 

C.o4l 

0.057 

4l 

5.40 

20.0 

0.004 

0.131 

22 

h  a.'- 

* 

21.0 

-0.026 

0.120 

69 

5.03 

20.0 

0.006 

0.122 

56 

5.06 

21.4 

-0.026 

0.123 

49 

6.05 

20.0 

-0.054 

o.i46 

39 

6.33 

17.7 

-0.076 

0.153 

26 

2.35 

20.0 

0.256 

C.057 

62 

2.66 

18.7 

0.158 

0.064 

52 

3.16 

20.0 

0.172 

0.076 

46 

3-35 

19.2 

0.170 

0.081 

.■a 

3.63 

20.0 

0 . 127 

0.088 

34 

4.02 

20.0 

0.060 

0.097 

2? 

2.06 

21 .2 

0.320 

0.050 

62 

1.82 

20.0 

O.255 

o.o44 

6 

2.26 

1  Q  V 

•  J 

0,310 

0.055 

47 

2.07 

20.0 

0.299 

0.050 

38 

3.86 

20.5 

0.222 

0.093 

25 

2.23 

21.4 

0.259 

0.054 

67 

2.77 

21.0 

0.203 

0.067 

55 

3.58 

20.0 

0.197 

0.087 

45 

4.25 

20.6 

0.169 

0.103 

36 

5.50  20.)  0.115  0.13.3 


*  Average  carcass  diameter  -  'll . 3  in. 
**  Dashes  denote  data  not  valid. 


Tati"  5 

Pg'naaPy  o.‘  TVs!  Keaults 

Yu.na  Sand,  Single  nVs-l ,  Constant  20%  51.;  Tests 
4.50-18,  l|-PR  Tire 


0-  to 


Pc 

>fiec- 

Load 

Pull 

(Ppfj) 

3 ink^s- 

?29 

6-in. 

Avg 

Test 

Pa  sc 

Sta-  t 

,  Ion 

(w) 

Toroue 

(z) 

Slip 

z 

Cone 

Uck 

Km  . 

t  on 

Vj 

lb 

lb 

ft-lb 

in. 

d 

W 

ti* 

Index 

r-JA 

1 

lie 

IV 

878 

-23 

361 

3,8? 

70 

-0.026 

0.143 

31 

113 

]‘ 

900 

-9 

352 

5-49 

20 

-0.010 

0.195 

WJA 

1 

llU 

15 

;508 

62 

304 

1.61 

20 

0.063 

0.059 

59 

0 

Us 

i> 

916 

40 

350 

2.77 

20 

o.o44 

7.103 

363A 

i 

112 

13 

910 

26 

2.4/ 

20 

o.o4o 

0.091 

46 

2 

112 

15 

893 

s 

309 

3.79 

20 

0.007 

0.140 

i4;>a 

\ 

n.. 

15 

910 

*  H 

349 

1.  77 

20 

o.o64 

0.065 

(iC 

2 

111 

15 

947 

3*> 

366 

2 . 7c » 

20 

O.037 

0.109 

13?A 

111 

IS 

916 

314 

I.9.3 

20 

0.057 

0.075 

54 

2 

111 

15 

910 

u5 

310 

3-Cfi 

20 

0.047 

o.u4 

1  46a 

1 

113 

35 

898 

-70 

-12 

4.90 

20 

-0.0/6 

0.181 

24 

2 

113 

35 

->>7 

21 

289 

4.90 

20 

0.023 

0.l3l 

12?A  - 

g- 

111 

35 

808 

2S8 

359 

O.30 

2o 

0.291 

0.0.11 

53 

2 

ill 

880 

138 

"J'lO 

Jr-'- 

1.17 

20 

0.214 

0.043 

ISIA 

l 

111; 

y) 

896 

/Hi  /" 

£*40 

254 

0.76 

20 

0.2"4 

0.028 

54 

2 

113 

?C 
■J  s 

o51 

201 

330 

1.28 

20 

0.225 

0.046 

USA 

x 

In 

35 

092 

257 

363 

0.74 

20  ; 

0.288 

0.009 

r.  c 

y  / 

•3 

no 

a  *3 

876 

147 

3C:~ 

1.:  3 

•  :n 
ev. 

0.193 

0.045 

1?8a 

1 

no 

35 

8 ‘-To 

263 

364 

0.59 

20 

0.299 

-  0.02J 

62 

2 

110 

35 

894 

I06 

323 

1.42 

20 

0.208 

0.052 

152A 

1 

ui 

35 

896 

76 

330 

1.17 

20 

0.085 

0.043 

40 

2 

110 

35 

900 

43  . 

201 

2.43 

70 

0.048 

0.090 

UOA 

1 

no 

35 

903 

152 

316 

1.90 

2v 

0.168 

o.o4o 

33 

2 

no 

i? 

870 

oa- 

n  M"' 

c.  •  i 

20 

0.108 

0.084 

,-2A 

1 

iiu 

3S 

•905 

..4 

288 

1.6)9 

20 

0.104 

0.066 

33 

2 

115 

55  r 

-v 

85 ; 

90 

** 

3.01 

20 

0.100 

0.111 

127A 

1 

ill 

35 

905 

240 

356 

0.p4 

20 

0.265 

0.020 

59 

2 

110 

35 

393 

l-S-4 

319 

1 .66 

29 

0.183 

0.061 

96A 

1 

110 

35 

906 

113 

36’ 3 

1.47 

20 

0.130 

0.054 

40 

2 

109 

35 

893 

54 

29t3 

2.61 

20 

0.094 

0.096 

x 

109 

35 

90  0 

‘I'd 

313 

;  • .  3,2 

20 

0.064 

0.107 

30 

2 

109 

38 

3  Co 

>3 

?'p 

3.  ;b 

20 

O.O65 

0.146 

:  '*;A 

I 

110 

911 

156 

323 

1.46 

20 

0.171 

0.054 

37 

2 

110 

35 

•390 

109 

301 

2 . 53 

20 

0.122 

0 . 086 

12. ‘A 

1 

in 

3? 

912 

243 

352 

0.71 

20 

0.272 

0.026 

53 

2 

i.u 

35 

079 

180 

1.47 

20 

0.705 

0.054 

9 13  A 

1 

100 

35 

c)l'i 

76 

317 

2.28 

90 

0.033 

0.084 

32 

2 

109 

35 

8  94 

54 

294 

3.40 

C|J 

0.061 

0.125 

I04A 

1 

111 

35 

916 

S)j 

317 

2.23 

20 

0 . 103 

0.082 

36 

2 

no 

38 

898 

WI' 

289 

2 . 9  7 

20 

0.09s 

0.110 

108A 

L 

111 

3r> 

917 

Li  7 

> — k. 

i.4l 

20 

0.193 

0.052 

38 

2 

110 

35 

878 

120 

294 

2.06 

20 

0.137 

0.077 

193A 

1 

112 

38 

920 

76 

313 

2.33 

20 

0.083 

0.036 

31 

2 

111 

35 

882 

48 

307 

3.49 

20 

0.054 

0.127 

109A 

1 

111 

is 

922 

173 

336 

1.44 

20 

0.193 

0.053 

36 

2 

1.11 

38 

397 

112 

294 

2.18 

20 

6.125 

0.079 

IVjA 

.1 

112 

38 

932 

83 

332 

2.39 

20 

0.089 

0.067 

39 

;? 

113 

5!> 

896 

48 

305 

3.51 

20 

0.050 

0.1.30 

I  S  S'?  A 

111 

38 

92s 

l6i ) 

32° 

1 .48 

20 

0.1°5 

0.055 

44 

p 

1 09 

902 

170 

290 

1.89 

20 

0.133 

0.070 

*  1 

ic  carcass 

dinaeter 

wwwiMf1  tymwmuy 


W 


9*00-14,  2- HI  Tire 


Test 

Mo. 

Pass 

No. 

Sta¬ 

tion 

DefleC- 
tiOD 
. * 

Load 

(W) 

lb 

pun 

(p2o) 

lb 

Torque 
ft -lb 

Sinkage 

(*> 

in. 

Slip 

_JL 

?2G 

W 

z 

d* 

0-  to 
6-  in. 
Avg 
Cone 
Index 

539A 

1 

105 

15 

845 

185 

362 

1.37 

20 

0.219 

0.051 

48 

2 

105 

15 

864 

112 

336 

2.08 

20 

0.130 

0.077 

5U0A 

1 

168 

15 

853 

25 

547 

3.47 

20 

0.029 

0.128 

25 

2 

109 

15 

832 

31 

300 

4.33 

20 

0.037 

0.160 

T42A 

1 

108 

15 

864 

108 

353 

2.28 

20 

0.125 

0.084 

32 

2 

108 

15 

362 

79 

320 

3.11 

20 

0.092 

C.115 

737A 

1 

108 

15 

871 

225 

395 

1.20 

20 

O.250 

0.044 

57 

2 

108 

15 

875 

136 

351 

1.S2 

20 

0.155 

O.O07 

74lA 

1 

109 

15 

87 '2 

136 

377 

1.87 

20 

0.156 

O.O69 

36 

2 

107 

15 

870 

84 

323 

2.70 

20 

0.097 

0.160 

744a 

1 

107 

15 

873 

229 

4C5 

1.05 

20 

0.262 

0.039 

48 

2 

107 

15 

877 

126 

349 

1.83 

20 

0.144 

0.068 

254a 

1 

10? 

15 

874 

166 

343 

1.43 

20 

0.190 

0.053 

45 

2 

107 

15 

873 

80 

316 

2.11 

20 

0.092 

0.078 

246a 

3. 

107 

15 

876 

8 

331 

3-20 

20 

0.009 

0.118 

23 

2 

106 

15 

861 

21 

299 

3.92 

20 

0.024 

6.145 

743A 

1 

108 

15 

880 

225 

407 

1.17 

20 

0.256 

0.043 

51 

2 

103 

15 

852 

130 

353 

2.03 

20 

0.153 

0.075 

579A 

1 

108 

15 

861 

115 

385 

2.43 

20 

0.131 

0.090 

29 

2 

108 

15 

900 

65 

342 

4.43 

20 

0.072 

C.163 

570A 

1 

no 

15 

885 

209 

397 

1.34 

20 

0.236 

0.068 

45 

2 

110 

15 

897 

115 

360 

2.84 

20 

0.128 

C.1C5 

568a 

1' 

105 

15 

388 

285 

430 

0.85 

20 

0.321 

0.031 

61 

2 

104 

15 

37  6 

179 

345 

1.4i 

20 

0.204 

0.052 

574a 

1 

108 

15 

888 

221 

424 

1.39 

20 

0.249 

0.051 

50 

? 

10-3 

15 

876 

no 

370 

2,27 

20 

0.126 

0.08,4 

738a 

1 

107 

15 

889 

24l 

412 

1.10 

20 

0.271 

0.041 

47 

2 

107 

15 

880 

133 

346 

1.93 

20 

0.151 

0.071 

571A 

1 

112 

15 

891 

167 

413 

I.89 

20 

0.187 

0.070 

39 

0 

no 

15 

878 

98 

358 

2.65 

20 

0.112 

0.098 

576a 

1 

110 

15 

898 

270 

4l6 

1.24 

20 

0.301 

o.o46 

66 

2 

no 

15 

868 

165 

370 

1.65 

20 

0.186 

0.061 

530A 

1 

109 

15 

899 

185 

393 

1.79 

20 

0.206 

0 . 066 

4o 

2 

108 

15 

890 

119 

355 

2.61 

20 

0.134 

0.096 

58IA 

X 

107 

15 

903 

20b 

450 

1.46 

20 

0.228 

0.054 

45 

2 

106 

15 

897 

119 

351 

2.27 

20 

0.133 

0.084 

537A 

1 

103 

15 

904 

223 

4o6 

0,45 

20 

0.246 

0.017 

54 

2 

103 

15 

844 

121 

326 

1.17 

20 

0.143 

0.043 

(Continued) 


*  d  is  carcass  diameter. 


Table  6  (Concluded) 


0-  to 


Test 

No. 

Pass 

No. 

Sta- 

tion 

Deflec¬ 

tion 

% 

Load 

(w) 

11 

Pull 

(p20) 

lb 

Torque 

ft-3.b 

Sinkage 

(z) 

in. 

Slip 

p 

20 

W 

2; 

i 

6- in. 
Avg 
Cone 
Index 

582A 

1 

110 

15 

904 

n3 

392 

2.71 

20 

0.125 

0.100 

27 

2 

110 

15 

905 

70 

354 

3-79 

20 

0.077 

0.140 

583.4 

1 

108 

15 

904 

223 

409 

1.27 

20 

0.247 

0.04? 

48 

2 

10? 

15 

898 

130 

357 

1.78 

20 

0.144 

o.n66 

577A 

1 

112 

15 

905 

4i 

393 

3.05 

20 

0.045 

0.113 

25 

2 

111 

15 

912 

44 

353 

4.35 

20 

0.048 

0.161 

572A 

1 

109 

15 

906 

93 

384 

1.38 

20 

0.103 

0.051 

26 

2 

109 

15 

90! ! 

59 

365 

2.18 

20 

0.065 

0.080 

573A 

1 

111 

15 

906 

106 

383 

2.2  6 

20 

0.117 

0.083 

.35 

2 

no 

15 

888 

80 

358 

3-21 

20 

0.090 

0.U.8 

568A 

1 

110 

15 

901 

78 

374 

2.94 

20 

0.087 

0.108 

35 

2 

110 

15 

890 

66 

337 

3-55 

20 

0.074 

c.131 

575A 

1 

107 

15 

909 

248 

406 

1.07 

20 

0.273 

0.039 

57 

2 

108 

15 

901 

155 

361 

1.12 

20 

0.172 

0.041 

740A 

1 

108 

15 

914 

133 

390 

2.15 

20 

0.146 

0.079 

32 

2 

108 

15 

914 

91 

348 

3.10 

20 

0.100 

c.n4 

536a 

1 

j.07 

35 

861 

371 

456 

0.49 

20 

0.431 

0.018 

60 

2 

1C7 

35 

862 

264 

379 

0.75 

20 

0.306 

0.02s 

282A 

1 

108 

35 

864 

178 

339 

2.00 

20 

0.206 

0.074 

27 

2 

107 

35 

868 

131 

304 

2.03 

20 

0.151 

c.075 

538a 

1 

106 

35 

869 

313 

422 

0.8l 

20 

O.360 

0.030 

4? 

2 

106 

35 

873 

214 

365 

1.33 

20 

0.245 

0.049 

293A 

1 

105 

35 

872 

306 

4l4 

O.69 

20 

0.351 

0.025 

39 

2  - 

104 

35 

877 

211 

359 

1.16 

20 

0.241 

0.043 

299A 

1 

io4 

35 

885 

386 

434 

0.38 

20 

0.436 

0,0.14 

66 

2 

105 

35 

876 

284 

380 

0.57 

20 

0.324 

0.021 

563A 

1 

108 

35 

880 

241 

369 

1.57 

20 

0.274 

0.058 

29 

2 

108 

35 

872 

167 

334 

2.24 

20 

0.191 

0.083 

562A 

1 

109 

35 

884 

338 

435 

0.93 

20 

0.382 

0.034 

54 

2 

103 

35 

880 

231 

361 

1.32 

20 

0.263 

0.049 

Table  7 

Summary  of  Test  Results 
Mortar  Sand,  Single  Wheel,  20%  Slip  Point. 
9.00-14,  2-PR  Tire 


0-  to 


Test 

Ho. 

Pass 

Ho. 

Sta¬ 

tion 

De¬ 

flec¬ 

tion 

* 

Load 

(W) 

lb 

Pull 

(P20^ 

lb 

Torque 

ft-lb 

Sink- 

age 

(*) 

in. 

Slip 

* 

p 

2C 

W 

z 

d* 

b-in. 

Avg 

Cone 

Index 

553 

i 

116 

15 

870 

14 

314 

2.66 

_  20 

0.016 

0.098 

2 

117 

15 

868 

34 

308 

3.60 

20 

0.039 

0.133 

551 

1 

ll6 

15 

8t2 

-36 

322 

3.67 

20 

-C.041 

0.135 

26 

2 

llo 

15 

864 

22 

298 

4.26 

20 

0.025 

0.157 

557 

1 

106 

15 

876 

130 

33-4 

1.32 

20 

0.148 

0.049 

52 

2 

105 

15 

876 

-  78 

310 

1.91 

20 

0.089 

0.070 

549 

1 

n6 

15 

876 

-42 

324 

4.6o 

20 

-0.048 

0.170 

l4 

2 

n6 

15 

880 

24 

304 

4.57 

20 

0.027 

0.169 

556 

1 

107 

15 

879 

83 

320 

1.75 

20 

0.094 

0.065 

4l 

2 

106 

15 

874 

56 

307 

2.55 

20 

0.064 

0.094 

554 

1 

JL 

108 

35 

852 

212 

332 

1.42 

20 

0.249 

0.052 

33 

2 

107 

35 

856 

178 

312 

1.95 

20 

0.208 

0.072 

548 

1 

118 

35 

854 

-22 

299 

3.21 

20 

-0.026 

0.118 

11 

2 

ll6 

35 

850 

107 

300 

4.29 

20 

0.126 

0.158 

558 

1 

104 

35 

883 

305 

4o8 

0.44 

20 

0.345 

0.016 

54 

2 

105 

35 

890 

198 

351 

0.93 

20 

0.222 

0.034 

550 

1 

ll6 

35 

886 

51 

293 

2.93 

20 

0.058 

0.108 

23 

2 

117 

35 

872 

112 

315 

3.34 

20 

0.128 

0.123 

555 

1 

106 

35 

889 

257 

380 

1.10 

20 

0.289  . 

o.o4i 

38 

2 

106 

35 

875 

167 

332 

1.45 

20 

0.191 

0.054 

*  d  is  carcass  diameter. 


Table  8 


Summary  of  Test 

Results 

Yuma 

Sand,  4x4  Vehicle,  Corn 

;tant  20$  Sli 

,p  Tests 

'.50-16,  4 -PA 

Tire 

Pull 

(p20) 

lb 

0-  to 

Test 

No. 

Deflec¬ 

tion 

i 

Load 

(w) 

lb 

Slip 

$ 

P20 

*  r 

H 

6-in. 
Avg  Cone 
Index 

32-4 

15 

890 

no 

20 

0.124 

53 

33-4 

15 

890 

~6o 

20 

-0.067 

4l 

36-4 

15 

890 

-90 

20 

-0.101 

36 

38-4 

15 

890 

130 

20 

0.146 

63 

34-4 

35 

890 

510 

20 

0.573 

4l 

37-4 

35 

890 

4oo 

20 

0.449 

37 

4o-4 

35 

89O 

780 

20 

0.876 

61 

4i-4 

35 

890 

610 

20 

0.685 

49 

Table  9 

Summary  of  Test 

Res’ilts 

Yuma 

Sand,  4x4  Vehicle,  Constant  20$  Sli 

.p  Tests 

9.00-14,  2 -PR 

Tire 

Test 

No. 

Deflec¬ 

tion 

1o 

Load 

(W) 

lb 

Pull 

(p20) 

lb 

Slip 

±_ 

p 

20 

W 

0-  to 

6- in. 
Avg  Cone 
Index 

46-4 

15 

890 

720 

20 

0.809 

63 

4?-4 

15 

890 

225 

20 

0.253 

30 

48-4 

15 

890 

490 

20 

0.551 

47 

49-4 

15 

890 

6*5 

20 

0.073 

17 

43-4 

35 

890 

1.170 

20 

1.315 

50 

44-4 

35 

890 

900 

20 

1.011 

34 

49-4 

35 

890 

1290 

20 

1.449 

59 

51-4 

35 

890 

725 

20 

0.815 

23 

,«**r 


T"-  i 


Table  11 

Suoaaay  of  Test  Results 

Mortar  Sand,  4x4  Vehicle,  Constant  20$  Slip  Jests 
9.00-14,  2 -PR  Tir« 


Test 

Mo. 

Deflec¬ 

tion 

* 

Load 

(W) 

■  lb 

Pull 

(P20> 

lb 

Slip 

cl 

JO 

P 

20 

W 

0-  to 
6-in. 
Avg  Cone 
Index 

12-4 

15 

890 

4l0 

20 

0.461 

54 

13-4 

15 

890 

230 

20 

0.258 

44 

14-4 

15 

890 

70 

20 

0.079 

■si. 

3* 

15-4 

15 

890 

-30 

20 

-0.034 

24 

]  6-4 

15 

390 

l4o 

20 

0.157 

37 

18-4 

15 

890 

88 

20 

0.099 

32 

19-4 

15 

890 

-15 

20 

-0.017 

26 

4-4 

35 

89n 

1200 

20 

1.348 

49 

8-4 

35 

890 

990 

20 

1.124 

4o 

■9-4 

35 

890 

800 

20 

0.899 

29 

10-4 

35 

890 

520 

20 

0.584 

20 

11-4 

890 

1250 

20 

.  1.4o4 

62 

12-4 

35 

896 

1240 

20 

1.393 

49 
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Q  <  □  >  OO  O  X 


11.00-20,  12-PR  TIRE 

TOWED  POINT -YUMA  SAND 
FIRST  PASS 


PERCENT  SLIP 


©  1.75* 

•  400- 

*  4.50- 
o  4  5C- 

♦  4,50- 
O-.N. 

•  4,50- 

I  -  IN. 

a  S.OO- 
+  8.00- 


LEGEND 


26,  BICYCLE 
16,  2 -PR 
7,  2 -PR 
16,  4 -PR 

19,  4-VR  DUALS, 
SPACING 

16,  4-PR  DUALS, 
.  SPACING 

12,  2 -PR 
16,  2 -PR 


x- 6.00-16,  RADIAL  PLY 

•  6.00-16,  RADIAL  PLY  WITH 
OIRECTiONAL  BAR  TREAD 

•  6.00-16,  SOLID 
O  9.00-14,  2 -PR 

•  9.00-14,  4-PR 
4  9.00-14,  6 -PR 

•  11.00-20,  12-Pfi 

4  16  XI5-6R,  2- PR  TERRA  TIRE 


PERCENT  SLIP  VS 

ALL  TIRES,  LOADS,  AND  DEFLECTIONS 

TOWED  POINT-  YUMA  SAND 
FIRST  PASS 


PLATE  19 


PERCENT  SLIP  VS 


ALL  TIRES.  LCADS.  ANT  DE 


OF—  -0  I - 1 - i - \ - ! - 1 - \ - 1  OF 


I- 

Z 

bJ 

Q 


h- 

Z 


dHS  LN3D«3d  P, 

z 


PLATE  21 


4.50 -IB,  4-PR  TIRE 
35*%  DEFLECTION  -  910-LB  LOAD 


LEGEND 


O  1.75-26,  BICYCLE 

*  4.00-18,  2 -PR 
«  4.50-  7,  2  -PR 
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a  5.00-12,  2 -PR 
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•>  9.00-14,  2 -PR 
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P  9.00-14,  6 -PR 
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PI6XI5-8R,  2-PR  TERRA  TIRE 
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ALL  TIRES,  LOADS,  AND  DEFLECTIONS 

MAXIMUM  PULL  POINT  -  YUMA  SAND 
FIRST  PASS 


PLATE  25 


4X4  VEHICLE  PULL  AT  30%  SLIP  IN  LB 


PLATE  28 


VEHICLE  POLL  AT  20»/.  SLIP  tN  Ltt 


PULL  AT  20*7.  3L 


PLATE  3i 


(FIRST  PASS)*  P,0  (SECOND  PASS)]x 


9.00-14,  2-PR  TIRE 
890-LB  LOAD 

3 .«/%  DEFLECTION 


'Wm. 


YUMA  SAND  OATA 

MORTAR  SANO  OATA  Cr  VS  0-  TO  6-IN.  CONE  INDEX 

YUMA  AND  MORTAR  SANOS 


DRY  DENSITY  VS 
0-  TO  2-IN.  CONE  INDEX 

YUMA  AND  MORTAR  SANDS 


MINOR  PRINC 
SYMBOL  STRESS,  CT, 


PLATE  40 
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VS  NORMAL  AND  CONTACT  PRESSURE 


APPENDIX  A:  DYNAMIC  WEIGHT  TRANSFER  FOR  WHEELED  VEHICLES 


1.  When  comparing  the  performance  of  a  single  wheel  with  that  of  a 
wheeled  vehicle,  it  is  necessary  to  determine  those  factors  inherent  in  the 
vehicle  design  that  may  he  expected  to  produce  differences  in  performance. 
One  of  these  factors  is  dynamic  weight  transfer.  The  transfer  of  weight 
from  the  front  to  the  rear  wheels  (or  vice  versa)  is  a  product  of  a  number 
of  considerations.  Some  of  these  are  torque,  -acceleration,  .slope  of  sur¬ 
face,  differential  sinhage  (front  to  rear),,  motion  resistance,  and  external 
poll  (drawbar  or  pintle  load).  ;  i 

'  2.  The  free-body  diagram  shown  in  fig.  Alwill  be  used  to  describe 

the  general,  force  conditions  of  a  four-wheel-drive,  vehicle  on  a  horizontal 


DIRECTION  OF  TRAVFL 


POSiVON  OF  FROST  WHEEL  WITH 
RESPECT  70  REAR  UNDER  CONDI¬ 
TIONS  Of  DIFFERENTIAL  SINK  AGE 


f MOMENTS 

V 


— kL-- 


1  x4 !  ■ 


POINT  OF  MOMENTS.  O- 


Fig.  Al.  Free-body  diagram  of  four-wheel-drive  vehicle 
traveling  on  a  horizontal  surface 

surface.  This  diagram-' shows  a  four-wheel-drive  vehicle  traveling  on  a  hor¬ 
izontal  surface  with  equal  sinkages  of  front  and  rear  wheels.  Assuming 
that  the  vehicle  is  traveling  in  a  straight  line  such  that  there  are  no 
turning  forces  and  that  the  wind  resistance  is  negligible,  all  of  the 
forces  acting  on  the  vehicle  are  shown  (e.g. •  tractive  forces,  motion  re¬ 
sistance  forces,  support  foices,  weight  of  the  vehicle,  inertial  force  of 
acceleration,  and  external  pull).  In  addition,  the  attitude  the  vehicle 
assumes  when  differential  sinkage  between  the  front  and  rear  wheels  is  ex¬ 
perienced  is  superimposed  on  this  diagram  as  dashed  lines.  This  illustra¬ 
tion  will  be  used  in  a  part  of  the  derivation  which  follows. 


3-  The  dynamic  weight  transfer,  W_,  ,  of  a  vehicle  is  defined  in 


equation  Al. 


WT  =  “is  ' 


ia 


(Al/ 


where 

n  E_  «  static  value  of 
R.^  =  dynamic  value  of 

The  initial  condition  which  will,  he  considered  is  a  vehicle  at  rest,  on  a 
firm,  horizontal  surface,  .with  no  external  pull  applied.  Under  these  im¬ 
posed  conditions,  ’-he  support  forces,  and  R^  ,  will  move  to  a  point 
directly  underneath  the  axle,  thereby  forcing  the  distances,  X^  and  X^,  , 
to  become  zero.  Since  the  vehicle  Is  at  rest,  the  motion  resistance 
forces,  R^  and  Iv  ,  also  become  zero.  By  summing  moments  about  point  0, 
the  reaction  R.  can  be  formulated  as  shown  in  equation  Ac. 

J.S 


p  '  =  li 
Ftls  i 


(A2) 


4.  In  order  to  complete  the  detailed  weight  transfer  equation,  rb'Ts 

necessary  to  evaluate  the  reaction  in  the  dynamic  state.  The  dynamic 

JL 

value  of  is  dependent  upon  the  following  specific  conditions  under 

which  the  vehicle  may  be  operating: 

a.  The  vehicle  is  on  a  firm  or  a  yielding  surface. 

b.  The  vehicle  is  at  constant  velocity  or  it  is  accelerating  or 
decelerating, 

c.  External  pull  is  or  is  not  applied. 

d.  The  vehicle  is  traveling  on  the  level  or  on  a  slope. 

5.  The  first  dynamic  condition  to  be  considered  is  motion  of  the 

vehicle  on  a  firm,  horizontal  surface,  at  constant  velocity  with  no  external 
pull  applied.  It  has  been  found  from  tire  deflection  and  contact  pressure 
studies  that,  if  a  pneumatic-tired  vehicle  in  in  motion  on  a  firm  surface, 
there  is  the  possibility  that  the  support  reactions,  and  R;^  occur 

at  distances  X1  and  ,  respectively,  in  front  of  the  axles.  It  is 
thought  that  these  distances  are  very  small  and  perhaps  insignificant. 


A2 


4: 


However,  they  will  not  be  ignored  in  this  derivation.  The  tractive  forces, 
r_  and  ,  pass  through  the  point  of  mozK  uts  and  therefore  do  not  con¬ 
tribute  to  weight  transfer.  Likewise,  when  the  vehicle  is  traveling  on  a 
firm  surface,  the  motion  resistance  forces.  It,  and  flr  ,  are  acting  at 
ground  level  ana  consequently  drop  from  the  moment  equation.  This  condi¬ 
tion  leads  to  equation  A3. 

»o  =  0  =  »•  -  x&  -  \d(z  +  xi> 


*ks  +  SI 


solving  for  R^  , 


-  (Ei(s  *■ 
l  +  X, 


Thus,  weight  transfer  for  conditions  of  constant  velocity,  on  a  firm  hori¬ 
zontal  surface,  with  no  external  pull  applied,  will  be  as  shown  in  equa¬ 
tion  Ah. 


Rld  (equations  A1  and  A 2) 


r*  -  (%s  *  vx4i 

i  * j 


Collecting  terms 


/  X4  \  Wh  Wn  \sXh 

T  y-  '  £  +  xi  )  £  "  £  +  X-j^  £  +  X± 


Rearranging  terms  with  common  denominator  and  multiplying  numerator  and  de¬ 
nominator  by  £ 

Wh(i  +  X1)  Wh(i  +  xx)i  R4sx4(i  +  \)i 
WT  =  W  ’+  xx  -  x4)  "  +  TQ~+\-  \) 


Simplifying 


x.  ip  ■+  Xj_  -  X^J 


A3 


If  the  vehicj  e  is  now  considered  to  travel,  not  on  a  firm  surface  but  in  a 
yielding  medi  im  such  that  sinkage  of  the  vehicle  is  present,  then  and 
X_  will  no  longer  be  zero  and,  consequently,  the  motion  resistance  forces, 
Rg  and  ,  will  contribute  to  weight  transfer.  By  expanding  the  moment 
equation  shown  for  equation  A3  to  include  the  two  motion  resistance  moments, 


SgXg  and  R.OC,-  ,  and  carrying  these  moments  through  the  steps  shewn  for 
equation  A4,  the  result  is  found  to  be  a  simple  addition  of  R^X.^  and 


to  equation  A4  with  the  result  being  equation  A?. 


Thus,  equation  A5  is  a  general  expression  for  the  dynamic  weight  transfer 
of  a  four1- wheel-drive  vehicle,  operating  at  constant  velocity,  on  a  yield¬ 
ing  medium,  in  a  horizontal  attitude,  with  no  external  pull  applied. 

6.  The  two  preceding  considerations  have  been  for  a  vehicle  travel¬ 
ing  at  constant  velocity.  However,  if  the  venicle  either  accelerates  or 
decelerates,  a  new  force  and  its  resulting  moment  will  cause  an  additional 
change  in  the  weight  transfer.  This  is  shown  by  inserting  the  term  for  the 
inertial  moment  into  equation  A5  and  rewriting  as  equation  A 6. 


7*  When  an  external  pull  is  applied,  such  as  the  force  a  trailer 
imparts  to  the  vehicle  pulling  it,  cm  additional  unbalanced  moment  exists 
which  must  be  accounted  for  by  additional  weight  transfer.  This  new  factor 
alters  the  previous  weight  transfer  equation  (equation  A6)  as  follows: 


WT  = 


Moment  due  to  external  pull  =  Py 

+  (r4sXU  +  W  *  R5X5  +  |  aK  +  Py)  / 
lU  *  XL  -  X4) 


8.  All  of  the  conditions  considered  thus  far  have  been  with  the 


A4 


vehicle  operating  on  a  horizontal  surface.  The  next  and  last  condition 
will  be  v.hat  of  a  vehicle  operating  on  a  slope  (fig.  A 2).  For  reasons  of 


ONtrcnOMCr  thavr. 


I  I 

Fig.  A 2.  Free-body  diagram  of  four-wheel-drive  vehicle 
traveling  on  a  slope 


mathematical  simplicity,  the  weight,  W  ,  of  the  vehicle  has  been  separated 
into  its  components  parallel  and  perpendicular  to  the  slope.  Otherwise  the 
diagram  is  the  same  as  fig.  Al.  The  resulting  weight  transfer  relation  is 
then  defined  in  equation  A8. 


Wh^  +  l |Wh  -  W(cos  a)h  +  w(sin  a)K  +  R^  +  R^  +  R^X^  +  ~  aK  +  PyJ 

WT  =  ~  ~l{l  +  X.  -  X.  ) 

^  4  (A8) 


9*  Equation  A8  is  not  precisely  correct  for  vehicles  operating  in 
soft  soils  because  vehicles  equipped  with  tracking  wheels  experience  dif¬ 
ferential  sinkage.  This  causes  the  vehicle  to  be  inclined  at  an  angle  (3 
whose  sine  is  -y  ,  where  Az  is  the  differential  sinkage  (see  fig.  Al). 

In  addition,  differential  sinkage  will  cause  the  tractive  force,  R^  ,  to 
contribute  to  the  final  value  of  weight  transfer,  since  its  line  of  action 
under  these  conditions  will  not  pass  through  the  point  of  moments.  Further¬ 
more,  the  moment  arm  of  the  motion  resistance  force,  R£  ,  on  the  front 
wheels  will  become  (X^  +  Az).  Adding  these  effects  to  equation  A8  will 
result  in  equation  A9. 


A5 


Wh^+ijwh-wCcos  aJh+wCsinajK  +fi^+RgO^+^+I^^+laK  +  Py  - 


(A9) 

10.  This  theoretical  weight  transfer  equation  (A9)  is  considered  to 
be  a  general  egression  for  the  weight  transfer  of  a  four-wheel-drive  ve¬ 
hicle  that  will  account  for  the  effect  of  motion  resistance ,  the  effect  of 
acceleration,  the  effect  of  torque,  the  effect  of  external  pull,  and  the 
effects  of  differential  sinkage  and  slope  climbing.  It  is  believed  that 
the  use  of  this  weight  transfer  equation  will  help  produce  a  meaningful 
comparison  of  single-wheel  performan  j  data  and  the  performance  of  a  four- 
wheel-drive  vehicle  when  the  factors  mentioned,  singularly  or  collectively, 
produce  an  appreciable  amount  of  load  transfer. 
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